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Corrosion and Tarnish of Dental Alloys

Revised by Spiro Megremis, American Dental Association
Clifton M. Carey, American Dental Association Foundation

DENTAL ALLOY DEVICES serve to re-
store or align lost or misaligned teeth so that
normal biting function and aesthetics can pre-
vail. Alloys are used for direct fillings, crowns,
inlays, onlays, bridges, fixed and removable
partial dentures, full denture bases, implanted
support structures, and wires and brackets for
the controlled movement of teeth. In addition to
applications calling for cast or wrought alloys,
other uses of alloys include soldered assemblies,
porcelain fused to metal, and resin bonded to
metal restorations.

Dental Alloy Compositions
and Properties

Dental Alloy Compositions. The com-
positions of alloys used to fulfill the diverse
applications germane to dentistry include the
following elements: Au, Pd, Pt, Ag, Cu, Co, Cr,
Ni, Fe, Mo, W, Ti, Zn, In, Ir, Rh, Sn, Ga, Ru, Si,
Mn, Be, B, Al, V, C, Ta, Zr, and others. Figures 1
to 6 show a number of typical restorations
and appliances fabricated from alloys containing
some of these metals.

Compositions for direct filling restorations
usually consist of silver-tin-copper-zinc amal-
gams, although this is rapidly changing with
the continued improvement of polymer com-
posites. Pure gold in the form of cohesive foil,
mat, or powder is used only in very limited
applications.

Alloys for all-alloy cast crown and bridge
restorations are usually gold-, silver-, or nickel-
base compositions, although iron-base and other
alloys have also been used. The gold-base alloys
contain silver and copper as principal alloying
elements, with smaller additions of palladium,
platinum, zinc, indium, and other noble metals
as grain refiners. The silver-base alloys contain
palladium as a major alloying element, with
additions of copper, gold, zinc, indium, and grain
refiners. The nickel-base alloys are alloyed
with chromium, iron, molybdenum, and other
elements.

Alloys for porcelain fused to alloy restorations
are gold-, palladium-, nickel-, or cobalt-base
compositions. The gold-base alloys are divided
into gold-platinum-palladium, gold-palladium-
silver, and gold-palladium types. The palladium-
base alloys are palladium-silver alloys or
palladium-gallium alloys with additions from
either copper or cobalt. The nickel- and cobalt-
base alloys are alloyed primarily with chromium
and with minor additions of molybdenum and
other elements. In contrast to alloys for crown
and bridge use, alloys fused to porcelain contain
low concentrations of oxidizable elements, such
as tin; indium; iron; gallium for the noble metal
containing alloys; and aluminum, vanadium,
and others for the base metal alloys. During the
heating cycle, these elements form oxides on
the surface of the alloy and combine with the
porcelain at the firing temperatures to promote
chemical bonding.

Alloys for removable partial dentures are
primarily nickel- and cobalt-base compositions
and are similar to alloys used for porcelain fused
to alloy applications. However, carbon is present
in amounts up to 0.3 to 0.4% with the partial
denture alloys. Carbon is not added to alloys
to be used for porcelain bonding.

Alloys that have found applications for sup-
port structures implanted in the lower or upper
jaws are composed of cobalt-chromium, nickel-
chromium, stainless steel, and titanium and its
alloys. Wrought orthodontic wires are composed
of stainless steel, cobalt-chromium-nickel,
nickel-titanium, and f-titanium alloys. Silver-
and gold-alloy solders are used for the joining
of components. High-temperature brazing alloys
are used for the joining of a number of high
fusing temperature alloys. Additional infor-
mation on noble metals is available in the article
“Corrosion of Precious Metals and Alloys” in
Corrosion, Vol 13B, of the ASM Handbook.

Properties. The diversity in available alloys
exists so that alloys with specific properties can
be used when needed. For example, the me-
chanical property requirements of alloys used
for crown and bridge applications are different
from the requirements of alloys used for porce-
lain fused to alloy restorations. Even though
crown and bridge alloys must possess sufficient
hardness and rigidity when used in stress-bearing
restorations, excessively high strength is a dis-
advantage for grinding, polishing, and burnish-
ing. Also, excessive wear of the occluding teeth

Fig. 1 Various types of crowns. Source: Ref 1

Flg 2 Various types of inlays. Source: Ref 1
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is also likely to occur. Alloys used with porcelain
fused to metal restorations are used as substrates
for the overlaying porcelain. In this case, the
high strength and rigidity of the alloys more
closely matches the properties of the porcelain.
Also, a higher sag resistance of the alloy at
temperatures used for firing the porcelain means
less distortion and less retained residual stresses.

Similarly, alloys used for partial denture and
implant applications must possess increased
mechanical properties for resistances to failures.
However, clasps contained within removable
partial denture devices are often fabricated from
a more ductile alloy, such as a gold-base alloy,
than from cobalt-chromium or nickel-chromium
alloys. This ensures that the clasps possess

Flg 3 Porcelain veneer fused to alloy. Source: Ref 1

1/3/2006 5:32PM  Plate # 0

suficient ductility for adjustments without
breakage from brittle fractures.

Other properties required in specific systems
include the matching of the thermal expansion
coefficients between porcelain and substrate
alloy, negligible setting contractions with the
direct filling amalgams, and specific modulus
to yield strength ratios with orthodontic wires.
Tarnish and corrosion of all dental alloy systems
have been and will remain of prime importance.

Tarnish and Corrosion Resistance

Dental alloy devices must possess acceptable
corrosion resistance primarily because of safety
and efficacy. Aesthetics is also a consideration.

Safety

Dental alloys are required to have acceptable
corrosion resistance so that biocompatibility is
maintained during the time the metallic com-
ponents are used (Ref 5-7). No harmful ions or
corrosion products can be generated such that
toxicological conditions result. The effects of
the dental alloys on the oral environment have
the capabilities for producing local, remote, or
systematic changes that may be short term, long
term, or repetitive (tissue sensitization) in nature
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(Ref 8). Dental alloy-oral environment inter-
actions have the potential for generating such
conditions as metallic taste, discoloration of
teeth, galvanic pain, oral lesions, cariogenesis,
allergic hypersensitive reactions, dermatitis and
stomatitis, endodontic failures, dental implant
rejection, tumorgenisis, and carcinogenisis.
Figure 7 shows a schematic of useful dental
anatomy.

Metallic Taste. The symptom of metallic
taste has been reported and related to the pres-
ence of metallic materials in the mouth (Ref 9).
In addition, the release of ions and the formation
of products through corrosion, wear, and abra-
sion can occur simultaneously, which can
accelerate the process. Therefore, patients with
metallic restorations and with an inclination
toward bruxism (the unconscious gritting or
grinding of the teeth) are likely to be more
susceptible to metallic taste. Although this con-
dition is not as prevalent as it once was when
metallic materials with lower corrosion resis-
tances were more often used, metallic taste is still
known to occur on occasion.

Discoloration of teeth has occurred mainly
with amalgam fillings (Ref 10) and with base
alloy screwposts (Ref 11). With amalgams, tin
and zinc concentrations have been identified
in the dentinal tubules of the discolored areas,
while with the screwposts, copper and zinc were

(a)
Fig. 4

(b)

(@

Flg 5 Removable partial dentures, (a) lower and (b) upper cobalt-chromium frameworks, and (c) a completed unit in. Source: Ref 3

(b)

Fixed bridges. (a) Three-unit bridge consisting of inlay (left member), onlay (right member), and porcelain fused to alloy pontic (center member). Source: Ref 2. (b) Five-unit
bridge consisting of four porcelain fused to alloy members and one crown. Source: Ref 1

(c)
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detached in both the dentin and enamel and the
surrounding soft connective tissue. Discolora-
tion is not, however, a definite indicator of the
presence of metallic ions.

Galvanic pain has been reported from the
contact of dissimilar-alloy restorations, either
continuously or intermittently (Ref 9, 12). An
electrochemical circuit occurring between the
two dissimilar-alloy restorations is short cir-
cuited by the contact. In the case of intermittent
contact, instantaneous current flows through
the external circuit, which is the oral tissues,
and may cause pain. The placement of dis-
similar-alloy restorations in direct contact is ill
advised.

Oral lesions resulting from the metallic
prosthesis contacting tissue can be due to phys-
ical factors alone (Ref 9). An irritation in the
opposing tissues of the oral mucosa can be gen-
erated because of the shape and location in the
mouth of the prosthesis, as well as its metallur-
gical properties, such as surface finish, grain
size, and microstructural features. Tarnish and

Removable orthodontic appliance. Source:

Fig. 6 Reme

Useful dental anatomy. 1, saliva; 2, integument;
3, enamel; 4, dentin; 5, gingiva; 6, pulp; 7,
cementum; 8, periodontal ligament; 9, root canal; 10,
artery; 11, alveolar bone; 12, restoration—amalgam filling

Fig. 7
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corrosion can change the nature of the alloy
surface and add to the irritation in the opposing
tissues. Microgalvanic currents due to chemical
differences of microstructural constituents must
also be considered as possible causative factors
in traumatizing and damaging tissue. However,
no data have related in vivo galvanic currents
from dental restorations to tissue damage. The
released metallic ions from corrosion reactions
can interact with the oral tissues to generate
redness, swelling, and infection. Oral lesions
can then occur. These reactions are discussed in
the section “Allergic Hypersensitive Reactions”
in this article.

Cariogenesis corresponds to the ability for
released metallic ions and formed corrosion
products to affect the resistance of either dentin
or enamel to decay (caries). The mechanisms
involved with caries formation (Ref 13-15),
which include the fermentation of carbohydrate
by microorganisms and the production of acid,
are likely to become altered when metallic
ions and products from corrosion reactions are
included. This may be indicated by the reports
that show tin and zinc concentrations (origi-
nating from amalgam corrosion) in softened,
demineralized dentin and enamel (Ref 16-18).

Allergic Hypersensitive Reactions. With
allergic hypersensitive contact reactions, some
people can become sensitized to particular
foreign substances, such as ions or products from
the corrosion of dental alloys (Ref 9, 19). The
metallic ions or products combine with proteins
in the skin or mucosa to form complete antigens.
Upon first exposure to the foreign substance
by the oral mucosa, sensitization of the host
may occur in times of up to several weeks and
with no adverse reactions. Thereafter, any new
exposures to the foreign substance will lead to
biological reactions, such as swelling, redness,
burning sensation, vesiculation, ulceration, and
necrosis. Abstinence from the foreign substance
leads to healing. Identification and avoidance
are the means for controlling these allergic
hypersensitive reactions. Exposure of the oral
mucosa to the foreign substance can lead not
only to allergic stomatitis reactions (of the oral
mucosa), but also to allergic dermatitis reactions
(of the skin) at sites well away from the contact
site with the oral mucosa. However, because the
oral mucosa is more resistant to allergic reactions
than the skin, the reverse process usually does
not occur.

Of the currently used metals contained
in dental alloys, nickel, cobalt, chromium,
mercury, beryllium, and cadmium need to be
considered as inducing possible allergic or
cytotoxic reactions. Nickel is the primary alloy-
ing element in nickel-chromium casting alloys
(up to 80%), in nickel-titanium wires (up to 50%)
and in lower concentrations in some cobalt-
chromium alloys, and in austenitic stainless
steels. Nickel from dental alloy is known to
react with the oral tissues in some individuals to
produce allergic sensitization reactions (Ref 20).
About 9% of women and 1% of men are esti-
mated to be allergic to nickel. It is recommended
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that individuals be screened for possible nickel
allergies prior to dental treatments. If an allergy
arises from a nickel-containing dental restora-
tion, it is recommended that the individual be
tested for allergies to nickel and, if so indicated
by the test results, have the restoration replaced
with a nickel-free alloy.

Cobalt, also a component of some dental
alloys, has been known to react with the oral
mucosa and cause allergic reactions (Ref 20).
However, the occurrences of such allergies are
less than 1% of the population and mainly affect
women. If reactions to cobalt from cobalt-
containing materials are suspected, then testing
for cobalt allergies should be performed. Contact
allergic reactions to chromium from dental
alloys are also reported (Ref 20), but the occur-
rences of such reactions are rare.

Mercury is contained in amalgam fillings,
which contain microstructural phases composed
of silver-mercury and tin-mercury. Mercury ions
may be released from microstructural phases
through corrosion. However, the concentrations
are low and not relatable to toxicological rami-
fications. Mercury vapors released from amal-
gam surfaces may also occur. Again, because
of the low concentrations emitted, amalgam
mercury vapors are not related to toxicity.
Allergic reactions to mercury contained in
dental amalgams have been reported (Ref 20). If
mercury allergic reactions are suspected from
the amalgam, it is recommended that testing for
mercury allergies be conducted.

Beryllium is contained in some nickel-
chromium casting alloys in concentrations up
to about 2 wt%. There are only a few cases
of transient contact dermatitis that have been
reported among dental professionals (Ref 21,
22). More of a health hazard is posed to the dental
personnel doing the actual melting and finishing
of the alloy than to individuals having a pros-
thesis made from a beryllium-containing alloy.
For instance, the Occupational Safety and Health
Administration (OSHA) has posted a Hazard
Information Bulletin titled “Preventing Adverse
Health Effects from Exposure to Beryllium in
Dental Laboratories” expressing its concern
about reports of chronic beryllium disease
among dental laboratory technicians that are
exposed to dust from melting, grinding, polish-
ing, and finishing beryllium-containing alloys
(Ref 23). As a result of safety concerns about
beryllium, the American Dental Association
(ADA) Council on Scientific Affairs recom-
mends that dentists “use alloys that do not
contain beryllium in the fabrication of dental
prostheses” (Ref 24). Furthermore, the European
Committee for Standardisation passed a resolu-
tion in February 2002 recommending that all
standards pertaining to dental alloys permit a
maximum beryllium content of only 0.02% wt%,
which essentially excludes its use as an alloying
element (Ref 25).

Cadmium is contained in some dental gold
and silver solders of up to 15% (Ref 26). No
biological reactions have been related to the
cadmium contained in these materials; however,
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precautions should be taken in fusing solders
containing cadmium.

Additional information on the biocompat-
ibility of metals and acceptable exposure limits
is available in the article “Toxicity of Metals”
in Properties and Selection: Nonferrous Alloys
and Special-Purpose Materials, Vol 2, of the
ASM Handbook (refer to pages 1233 to 1269).

Endodontic Failures. Root canals obturated
with silver cones (or points) have occasionally
been associated with corrosion (Ref 27). Figure 8
shows examples of restored teeth including two
cases of endodontically treated teeth. Develop-
ment of a fluid-tight seal at the apex of the root
canal is the primary objective of endodontic
therapy. Corrosion of the silver points is known
to lead to failure by allowing the penetration of
fluids along the silver cone/root canal interface.
Figure 8(b) shows a schematic of a tooth with
cones.

Dental Implant Rejection. Dental implants,
which are used for permanently attaching
bridges, and so on, extend through or up to the
maxillary or mandibular bones and must func-
tion in both hard and soft tissues, as well as
within a wide range of applied stresses (Ref 28,
29). Depending on the chemical inertness of
the materials used for these devices, the thick-
ness of the tissue connecting implant to bone
varies. Released ions can infiltrate thick mem-
branes surrounding loosely held implants, which
can lead to an early rejection of the implant
through immune response.

Tumorgenisis and Carcinogenisis. Even
though dental alloy devices have not been
implicated with tumorgenisis and carcinogenisis,
their possible formation must never be ruled
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out and should always be considered as potential
biological reactions, especially with new, untried
alloys (Ref 29).

Efficacy

The oral environment must not induce
changes in physical, mechanical, chemical,
optical, and other properties of the dental alloy,
such that inferior functioning and/or aesthetics
result. The effect of the oral environment on the
alloy has the potential for altering dimensions,
weight, stress versus strain behavior, bonding
strengths with other alloys and with nonmetals,
appearances, and creating or enhancing crevices.
In combination with mechanical forces, the oral
environment is capable of generating premature
failure through stress corrosion and corrosion
fatigue and of generating increased surface
deterioration by fretting, abrasion, and wear.

Dimensions, Weight, Mechanical Proper-
ties, and Crevices. At least in theory, corrosion
of precision castings and attachments, which
rely on accurate and close tolerance for proper
fit and functioning, can alter their dimensions,
thus changing the fit and functionality of the
restorations. Similarly, corrosion of margins on
crowns and other cast restorations can lead to
decreased dimensions and to enhanced crevice
conditions. The increased seepage of oral secre-
tions into the crevices created between re-
storation and tooth can lead to microorganism
invasion, generation of acidic conditions, and the
operation of differential aeration cells. Under
these conditions, the bonding of the restoration
to the dentinal walls through the underlying
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cement is likely to become weakened. In com-
bination with biting stresses, microcrack for-
mation along the interface is likely to occur; this
will cause the penetration of the crevice even
further beneath the restoration. Eventually, the
loosening of the entire restoration may occur.

With amalgam restorations, however, a slight
amount of corrosion on these surfaces adjacent
to the cavity walls may actually be beneficial
because corrosion product buildup increases
dimensions and adaptability. The crevice be-
tween an amalgam and the cavity is reduced
in width, which leads to a decreased seepage of
fluids. Additionally, the corrosion surface may
inhibit bacterial growth, thus reducing bacterial
invasion of small crevices. On the other hand,
corrosion of the amalgam deteriorates its sub-
surface structure; this is likely to lead to an
increased occurrence of marginal fracture, a
known problem with amalgams, through corro-
sion fatigue mechanisms with stresses generated
from biting (Ref 30).

The loss of sufficient material from any dental
alloy through corrosion can lead to a reduction in
mechanical strength. This can lead to a direct
failure of the alloy or reduced rigidity resulting
in unacceptable stains. For silver-soldered wires,
corrosion of the solder leads to a weakening of
the entire joint (Ref 31). Loosening of crowns
and bridges because of corrosion-induced frac-
tures of posts and pins is also known to occur
(Ref 32), as shown in Fig. 8(a) and (c). Still other
possibilities of the effects of corrosion include
the reduction in bond strengths of metal brackets
bonded to teeth, as well as the degradation of
porcelain fused to metal restorations.

Appearance. Because of the various optical
properties of corrosion products, the appearance
of tarnished and corroded surfaces can become
unacceptable. A degradation in surface appear-
ance, without a loss in the properties of the
appliance, can be taken to be either accept-
able or unacceptable, depending on individual
preferences. If, however, the tarnished surface
promotes additional consequences, such as the
attachment of plaque and bacteria or a greater
irritation to opposing tissue, then tarnishing must
be deemed unacceptable.
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In order to select and/or develop dental alloys,
an understanding of the environment to which
these materials will be exposed is imperative.
This section defines and compares interstitial

S
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o0 P s . fluid and oral fluid environments. In addition,
! ° artificial solutions developed for testing and
evaluation of dental materials also are discussed.
(a) (b) ()
F|g 8 Typical restored teeth. (a) Pin restored amalgam filling on vital tooth. (b) Cast metal crown restoration on  Interstitial Fluid

endodontically treated tooth with silver cones and cement to seal root canals. (c) Cast metal crown restoration
on endodontically treated tooth with cement core buildup and screwposts. 1, amalgam filling; 2, stainless steel pins;
3, metal crown; 4, silver cones; 5, cement; 6, metal crown; 7, cement core; 8, screw posts; 9, gutta-percha or similar
sealing material

Applications of metallic materials to oral
rehabilitation are confronted with a number of
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environmental conditions that differentiate most
dental uses from other biomedical uses (Ref 33).
The one major exception is dental implants
because interstitial fluids (the fluids in direct
contact with tissue cells) are encountered by both
dental and other types of surgical implants (see,
for example, the article “Corrosion Effects on
the Biocompatibility of Metallic Materials and
Implants” in this Volume). As discussed later
in this article, other exceptions occur because
restorations in teeth have their interior surfaces
in direct contact with the dentinal and bone
fluids, which are more similar to interstitial fluids
in composition than to saliva.

Other types of extracellular fluids, such as
lymph and blood plasma, contain similar inor-
ganic contents and are also likely to come into
contact with dental implants, particularly with
plasma during and shortly after surgery. Table 1
presents a composition of blood plasma. The
inorganic content is similar to the inorganic
content of interstitial and other types of extra-
cellular fluids, while the protein concentration
for plasma is higher than for other biofluids.
For plasma, the major proteins are albumin,
globulins, and fibrinogen. For all extracellular
fluids, the inorganic contents are characterized
by high sodium (Na) and chloride (Cl17) and
moderate bicarbonate (HCO;3 ) contents. Con-
siderable variations in pH, po,, and pco, can
occur in the vicinity of an implant. In crevices
formed between plates and screws, some
extreme values ranging between 5 to 7 in pH,

Table 1 Mean human adult blood plasma
composition
Compound mg/100 mL
Inorganic
Na* 325
K" 16
Ca** 9.8
Mg** 2.1
Cl™ 369
HCO;3 146-189
PO;~ 3.1-49
Si 0.8
Nerm 3.7
Nonprotein organic
Urea 33
Uric acid 4.9
Carbohydrates 260
Fructose 7.5
Glucosamine 81
Glucose 97
Glycogen 6.8
Polysaccharides (nonglucosamine) 129
Organic acids 19
Citric 2.2
Lactic 36
Other organic acids 5
Lipids 530
Fatty acids 316
Amino acids 37.1
Major proteins
Albumin 4800
Globulins 2300
Fibrinogen 300

Source: Ref 34

1/3/2006 5:32PM  Plate # 0

and <8 to 110 and <10 to 300 mm Hg, respec-
tively, have been determined (Ref 35). Similar
corrosive conditions are expected regardless of
the extracellular fluid, provided the effects of
the protein and cellular contents are minimal.

Tissue cells and other types of cellular matter
can also directly contact implant material, with
the possibility of intracellular fluid permeating
through the cell membrane and effecting corro-
sion of the alloy. Separation by shearing of
biological cells from alloy surfaces almost
always generates cohesive failures through the
cell instead of adhesive failures along the alloy/
cell interface (Ref 36). In these situations,
intracellular fluids can gain direct access to the
surface of the alloy. In contrast to extracellular
fluids, intracellular fluids contain high potassium
and organic anion contents. The sodium is re-
placed by potassium and C1™ by orthophosphate
(HPOf 7). The effectiveness of intracellular
fluids in corroding implant surfaces will be
governed by the ability of the larger organic
anions to pass through cell membranes, which
are usually very restricted. Extracellular fluids
are, therefore, the fluids interacting with the
implant in most cases, although the possible
effects from intracellular fluids must not be
dismissed.

Oral Fluids

Whole mixed saliva is produced by the
paratid, submandibular, and sublingual glands,
together with the minor accessory glands of the
cheeks, lips, tongue, and hard and soft palates

Table 2 Mean whole unstimulated human
saliva composition

Compound mg/100 mL
Inorganic

Na* 232
K+ 80.3
Ca** 5.8
Mg** 1.4
Cl™ 55
HCO; 39
PO;~ 14.9
SCN™ 134
Nonprotein organic

Urea 12.7
Uric acid 1.5
Amino acids 4
Citrate 1.1
Lactate 1.7
Ammonia 0.4
Sugars 19.6
Carbohydrates 73
Lipids 2
Protein

Glycoproteins 45
Amylase 42
Lysozyme 14
Mucins 250
Albumin 2
Gamma-globulin 5

Source: Ref 34
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from the oral mucosa. Gingival or crevicular
fluid is also produced, as well as fluid transport
between the hard tissues of the teeth and saliva.
The composition of the secretion from each
gland is different and varies with flow rate and
with the intensity and duration of the stimulus.
Saliva composition varies from individual to
individual and in the same individual under
different circumstances, such as time of day and
emotional state.

Although about 1 L of saliva is produced per
day in response to stimulation accompanying
chewing and eating, for the greater part of the
day, the flow rate is at very low levels (0.25 to
0.5 mL/min) (Ref 37, 38). During sleep, there
is virtually no flow from the major glands. At
low flow rates, the concentrations of sodium,
CI7, and HCOj3 are reduced notably; the con-
centration of calcium is elevated slightly; and
the concentrations of magnesium, phosphate
(PO37), and urea are elevated decidedly when
compared with stimulated flow rates (Ref 39).
It is therefore impossible to define specific
compositions and concentrations that are uni-
versally applicable. However, compilations of
data encompassing large statistical populations
have been made by a number of researchers. One
typical analysis for the composition of human
saliva is shown in Table 2.

The inorganic ions readily detectable in
saliva are Na®*, K™, Ca®", Mg>", CI~, PO; ",
HCOj3, thiocyanate (SCN7), and sulfate
(SOff). Minute traces of F~, I, Br ™, Fe2+,
Sn**, and nitrite (NO5 ) are also found, and
on occasion, Zn2+, Pb2+, Cu2+, and Cr** are
found in trace quantities. Figure 9 shows the
Cl” and HCO5 variations in concentration as
saliva is stimulated to a flow rate of 1.5 mL/min.
The O, and N, contents of saliva are 0.18 to
0.25 and 0.9 vol%, respectively. The carbon
dioxide (CO,) content varies greatly with flow
rate, being about 20 vol% when unstimulated
and up to about 150 vol% when vigorously

50

40 // 400
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30 =
3 % / g
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20\~ w0 g
Protein /
10 / 100
HCO 4
0 i}
] 05 10 15
Flow rate, mL/min
F|g_ 9Q Variations in the concentrations of CI~, HCO5,

and protein in human saliva as a function of the
flow rate of saliva. Source: Ref 38
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stimulated. The buffering capacity is chiefly due
to the CO/HCOj; system, with that of the PO;~
system only having a small, limited part. The
redox potential of saliva indicates it to possess
reducing properties, which is likely due to
bacteria reductions, carbohydrate splitoffs from
glycoproteins, and nitrates. The normal pH of
unstimulated saliva is in the 6 to 7 range and
increases with flow rate.

The clearance of saliva involves its movement
toward the back of the mouth and its eventual
introduction into the stomach. Saliva is con-
tinually being secreted and replenished, espe-
cially during active times. A volume of about
1 L/d is considered average for saliva pro-
duction. Chemical analysis of human mouth
air showed hydrogen sulfide (H,S), methyl
mercaptan, and dimethyl sulfide to be some of
the most important constituents (Ref 39).

Organic. Human saliva is composed of non-
protein organic and protein contents, as shown
in Table 2. The largest contributions from
the nonprotein ingredients are from the carbo-
hydrates, while smaller amounts are from urea,
organic acids, amino acids, ammonia, sugars,
lipids, blood group substances, water-soluble
vitamins, and others. Some of the lipids include
the fatty acids, glycerides, and cholesterol. At
least 18 amino acids have been identified, with
glycine being the main constituent. Many of
these components are produced directly by the
salivary glands, while others, such as some
carbohydrates and amino acids, are the result of
the dissociation of glycoproteins and proteins by
bacterial enzymes. Still others are derived from
blood plasma. The protein content of human
saliva is primarily of salivary gland origin, with a
very small amount derived from blood plasma.
The protein content may vary from less than 1 to
more than 6 g/L. Detailed information on protein
and glycoproteins that have been identified to
be in saliva can be found in Ref 40 to 42.

Chemicals in Food, Drink, and Air. All of
the ingredients found in food and drink are
capable of becoming incorporated into saliva.
However, most of the foods are ingested before
the breakdown into basic chemicals occurs. Some
foods and beverages, though, contain chemicals
that are reactive by themselves, without any
reductions, and may become dissolved in saliva
and affect the tarnish and corrosion of metallic
materials. Some of these include various organic
acids, such as lactic, tartaric, oleic, ascorbic,
fumaric, maleic, and succinic, as well as sulfates,
chlorides, nitrates, sulfides, acetates, bichro-
mates, formaldehyde, sulfoxylates, urea, and the
nutrients themselves of lipids, carbohydrates,
proteins, vitamins, and minerals (Ref 43).

The components found in atmospheric air and
pollutants, coupled with the human respiratory
function, have the potential of exposing the oral
environment to additional aggressive chemical
species. Some of the species known to be in
atmospheric air and pollutants are O,, CO,, NO,,
carbon monoxide (CO), sulfur dioxide (SO»,),
Cl,, hydrogen chloride (HCI), hydrogen sulfide
(H,S), ammonia (NHj3), formaldehyde, formic
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acid, acetic acid, CI” salts, ammonium salts of
sulfate and nitrate, and dust (Ref 44).

Because the volume of lung ventilation is of
the order of 8.5 L/min, the amount of potentially
hazardous and corrosive material possibly com-
ing into contact with the oral environment is
significant. In approximately 2 h, 1 m? of air (for
a mouth breather) will have been used during
respiration, with the potential uptake of sulfur
dioxide in the normal urban area being 0.11 to
2.3 mg. Sulfur dioxide can be involved in many
interactions, accelerating the tarnish and corro-
sion of metals. Fortunately, the proteins in saliva
combine with most of the aggressive external
stimuli coming into contact with saliva; there-
fore, most of the aforementioned hazardous
species are rendered inactive before they can
cause tarnish and corrosion. However, the path-
way from the atmosphere to the surfaces of
dental alloys are certainly potential sources for
introducing corrosive species.

A comparison between interstitial and oral
fluids shows differences in both inorganic and
organic contents. One important difference is
the approximately sevenfold higher CI~ concen-
tration in interstitial fluid. Even though inter-
stitial fluids do undergo variations in pH and
Poa, especially at the site of the implant, saliva is
more susceptible to variations in composition.
This comes about because the composition of
saliva depends to a large degree on flow rate,
which in turn depends on a number of physical
and emotional factors. Saliva is also subjected
to exposures from chemicals contained in the
air, food, drink, pharmaceuticals, as well as
temperature variations of 0 to 60 °C (32 to
140 °F) and microbiological involvement with
the production of acid and plaque.

Artificial Solutions. Numerous solutions
simulating human saliva have been formulated
and used for testing the tarnish and corrosion
susceptibility of dental alloys (Ref 45-50).
Modifications to these solutions have also
been made and used (Ref 51-56). Some of the
solutions contain only inorganics (Ref 48-50,
Ref 52-54), while others include the addition
of an organic component consisting mostly of
mucin (Ref 45-47, 51-53). Some researchers
also purge a CO,/O,/N, gas mixture through the
solution to simulate pH control and buffering
capacity controlled by the CO,/HCO;3; redox
reaction. All compositions contain mostly
chlorides (Na, K, and Ca) and various forms
(mono-, di-, or tri-basic, pyro) of phosphates in
smaller amounts. Additional ingredients include
bicarbonate, thiocyanate, sulfide, carbonate,
organic acids, citrate, hydroxide, and urea.

Table 3 presents the composition for an arti-
ficial saliva that corresponds very well to human
saliva, with regard to the anodic polarization of
dental alloys. Ringer’s physiological saline
solution used to simulate interstitial fluid is also
included in Table 3. Both solutions are entirely
inorganic. The Cl~ concentration of Ringer’s is
about seven times higher than that of the saliva.
The anionic content of Ringer’s is entirely
chloride, while the artificial saliva also contains
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phosphate and sulfide. Urea is also a constituent
of the artificial saliva. Sodium, potassium, and
calcium constitute the cationic content of both
solutions.

A number of additional artificial physiological
solutions, some of which are named Hanks,
Tyrod, Locke, and Krebs, appear in the literature
and have been used to simulate the interstitial
fluids. Basically, these solutions contain small
additions of modifying ingredients, such as mag-
nesium chloride, glucose, lactate, amino acids,
and organic anions. The Ringer’s solution pres-
ented in this article, after the National Formulary
Designation, does not contain sodium bicar-
bonate (NaHCO3 ). Some solutions, however,
referred to in the literature as Ringer’s, do
contain bicarbonate.

Effect of Saliva Composition on
Alloy Tarnish and Corrosion

Chloride/Orthophosphate/Bicarbonate/
Thiocyanate. The interactions of the various
salts contained in saliva are complex. The effects
from the combined saliva solutions are not
simply the additive effects from the isolated
individual salts. This synergistic behavior is
discussed for the corrosion of an amalgam in the
Cl~/HPOZ /HCO;5 /SCN~ system in Ref 50.
Chloride alone produces a powdery, finely
crystalline corrosion product in heaps around
the sites of attack, such as porosities and pits.
The addition of HPOZ~, which by itself
produced very little effect, caused the corrosion
products to become organized in conical struc-
tures, the bases being over the sites of corrosion.
The addition of HCO3 to the C1-/HPO; ™ sys-
tem generated increased microstructural
corrosion. On the contrary, addition of SCN™ to
the C1"/HPO;~ system suppressed the micro-
structural corrosion. By adding all four salts
together, an even more corrosion-resistant
system was obtained. Corrosion was much
reduced and more localized.

Artificial Salivas. The effect on alloy corro-
sion from different artificial saliva solutions has
been studied (Ref 49). The polarization behavior
of a number of dental alloys, including gold-base
alloys, nickel-chromium, and cobalt-chromium,
in artificial salivas without HCO5; and SCN ™,
but with protein, provided the best correlation
with the behavior observed with human saliva
in both aerated and deaerated conditions. The

Table 3 Composition of artificial solutions

Composition, mg/100 ml

Compound Artificial saliva Ringer’s solution
NaCl 40 82-90

KCl 40 2.5-35
CaCl, - 2H,0 79.5 3.0-3.6
NaH,PO, - H,O 69 S

Na,S - 9H,0 0.5

Urea 100

Source: Ref 49
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artificial salivas containing HCO3 and SCN™,
but no proteins, constantly shortened the passi-
vation range of the alloys. The specific con-
tributions from Cl~ and SCN™ shortened the
passivation range of the gold-base alloy, but
phosphate increased the passivation range of all
alloys.

Lowering the pH shifted the amalgam
polarization curve to increased currents and
potentials, while buffering capacity, which was
increased by protein content, influenced corro-
sion behavior under localized corrosion con-
ditions (Ref 57). In sulfide solution, the
polarization curves of amalgams indicated
increased corrosion (Ref 47, 58). Dissolved O,
generated both inhibition and acceleration, as
reflected by the formation of anodic films and
the consumption of electrons by cathodic de-
polarization. The particular alloy-environment
combination determines whether corrosion is
inhibited or accelerated.

Chloride and Organic Content. Anodic
polarization of amalgams in human saliva com-
pared with Ringer’s solution was shown to be
shifted by up to several orders of magnitude to
lower currents at constant potentials, depending
on the amalgam system (Ref 59). These differ-
ences were related to the C1™ concentration of
the solutions. The effect of C1~ on amalgam
polarization is well documented (Ref 55, 60,
61). Pretreatment of gold-base alloys in human
saliva prior to galvanic coupling with amalgams
in a protein-free artificial saliva reduced the
corrosion on some of the amalgams studied
(Ref 62). Pretreatment of the amalgams had
little effect.

Significant reductions in the weight gains of
amalgams stored in artificial saliva with mucin
as compared with mucin-free saliva have been
reported (Ref 47). Anodic polarization of amal-
gams in artificial saliva or diluted Ringer’s
solution, with and without additions of mucin
or albumin, was, however, shown to be very
similar (Ref 47, 60). Proteins in artificial saliva
on silver-palladium and nickel-chromium alloy
polarizations were also reported to have little
effect (Ref 57). For a copper-aluminum crown
and bridge alloy, anodic polarization differences
were detected in an artificial saliva with and
without additions of a human salivary dialysate
(Ref 63). The total accumulated anodic charge
passed from corrosion potentials to+0.3 V
versus saturated calomel electrode (SCE) was
significantly reduced in protein-containing
saliva. Similarly, the polarization resistance of
the alloy was more than doubled by progres-
sively adding up to 1.6 mg dialysate/mL to saliva
initially free of proteins.

Microorganisms. The tarnishing of dental
alloys by three microorganisms likely to be
found in the mouth has been reported (Ref 64).
Some specificity between the degree of tarnish
and the type of microorganism was obtained.
A likely tarnishing mechanism was due to the
organic acids generated by the fermentation
of carbohydrate by the bacteria. The effect of
microorganisms on accelerating corrosion is
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discussed in the section “Oral Corrosion Pro-
cesses” in this article.

Oral Corrosion Pathways and
Electrochemical Properties

The electrochemical properties of dental
alloy restorations vary widely. Electrochemical
potentials, current pathways, and resistances
depend on whether there is no contact, inter-
mittent contact, or continuous contact between
alloy restorations. This section examines the
effects of restoration contact on electrochemical
parameters and reviews concentration cells
developed by dental alloy-environment electro-
chemical reactions.

Noncontacting Alloy Restorations

Isolated. The total liquid environment of a
restoration includes, in addition to saliva, fluids
contained within the interior of dentin and
enamel, which are more like extracellular fluids
in composition than saliva. Figure 10 shows a
schematic of a likely current path for a single
metallic restoration. The current path encom-
passes a route that includes the restoration,
enamel, dentin, membranes such as the period-
ontal ligament, soft tissues, and saliva (see
Fig. 7). The conduction of current through hard
tissues, including enamel, dentin, and bone,
occurs through the extracellular fluids, which are
compositionally similar in all hard and soft
tissues. However, the current through these dif-
ferent hard tissues will take pathways of least
resistances. For example, the resistance of

Voltmeter

F|g 10 Schematic of a single metallic restoration

(R) showing two possible current (/) paths
between external surface exposed to saliva and interior
surface exposed to dentinal fluids. Because the dentinal
fluids contain a higher CI~ concentration than saliva, it is
assumed the electrode potential of interior surface exposed
to dentinal fluids is more active and is therefore given a
negative sign (—). The potential difference between the two
surfaces is represented by E.
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dentin in a direction parallel to the tubules is
about 18 times lower than in a perpendicular
direction due to the calcification of the tubule
walls. Structural details, including imperfec-
tions, orientations, and so on, control the actual
resistances for particular hard tissue structures.

The restoration (R) develops electrochemical
potentials with the extracellular fluids, Egg,
and with saliva Egs, while a liquid junction
potential occurs between extracellular fluids and
saliva, Egg. Contact resistances occur between
restoration and extracellular fluids, Rrg, and
between restoration and saliva, Rgs. In general,
these potentials generated at interfaces are
caused by the materials and/or liquids existing
at different energy levels. Resistances of the
extracellular fluids, Rg, extracellular fluid-saliva
junction, Rgs, and of saliva, Rs, also occur.
Figure 11 shows an electrical schematic for
this system. Summing electromotive forces in
one direction and equating to zero yields for
the current I:

ERg + Egs — Ers

I=
RRg +Rgrs +Rg +Rs + Rgs

(Eq 1

Taken together, Egs and Rs have negligible
effect on current. The extracellular resistance,
Rg, is usually in the range between 10* and
10° Q because of variations in particular hard
tissue structures, and to possible variations in
membrane/hard tissue interfacial characteristics.
The potentials Egg and Egrg are characteristics
of the metal-electrolyte combinations, and the
resistances Rgrg and Rgs are dependent on the
polarization characteristics for the particular
combinations.

Polarization is related to the corrosion pro-
ducts that form. For soluble or loosely adhered
products, the contact resistances will not be
changed significantly. However, for tenaciously
adhering products with semiconducting or insu-
lating electrical characteristics, the contact
resistances will be largely affected. These resis-
tances are the primary parameters affecting
the magnitude of the generated current. This
reasoning is directly in line with the mixed-
potential theory for electrochemical corrosion
(Ref 65). The corrosion current, I...,, without
ohmic resistance control is:

6&[3(3

o B+ Bk, Fa2
As Rrs Eps
e m—]i

Res

_|,__w,___w__] -
Ere Rre Re

F|g_ 11 Electrical schematic representing the equiva-
lent circuit of a single loop shown in Fig. 10.
Terms are defined in text.



Name ///sr-nova/Dclabs_wip/ASM/5145_05J3_01-31.pdf/A0004209/

8 / Corrosion in Specific Industries

where {3, and 3. are the Tafel slopes from the
anodic and cathodic polarization curves, and R,
is the polarization resistance or the linear slope
of the AE/AI curve within +10 mV of the
corrosion potential.

Nonisolated. For two restorations not in
contact (Fig. 12), the extracellular fluid-saliva
resistance, Rgg, determines the extent to which
the current will be short circuited through the
saliva/extracellular fluid interface. If Rgg is
high, there is maximum interaction between the
separated restorations (the currents are small,
of the order of 1 to 10x 10™° A/cm? between
an amalgam and a gold alloy restoration). As
Rgs decreases, the current through the interface
between saliva and extracellular fluids increases.
The interaction between the separated restora-
tions will then be minimized. Each restoration,
though, will still generate its own current path
loop (Ref 66).

Intraoral Electrochemical Properties. In
a study comprising 115 people, the corrosion
potentials from 243 restorations ranged between
—0.55 and +0.4 V versus SCE. Amalgam re-
storations were the most active, followed by
cobalt-chromium alloys and gold-base alloys.
Variations in potential on different surfaces of
the same restoration occurred routinely. This was
likely due to the effects from abrasion on the
occlusal surfaces and from the accumulation
of plaque and debris on nonocclusal surfaces
(Ref 67).

For noncontacting amalgam and gold alloy
restorations (78 fillings in 66 people), the aver-
age currents flowing through the restorations due
to saliva-bone fluid liquid junction cells were
calculated from measured intraoral potential
and resistance data to be 0.48 and 0.26 uA,
respectively (Ref 12).

Using constant current pulses (1 to 10 pA)
and measuring the corresponding potential
changes, the intraoral polarization resistances

Voltmeter

Flg 12 Schematic of two nonisolated, noncontacting

restorations. The alloy restoration on the left,
which is an amalgam, is more active than the restoration on
right, which is a gold-base alloy.
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for noncontacting amalgam restorations ranged
between 50 and 300x10° Q (Ref 68). With
the use of linear polarization theory, corrosion
currents are calculated to be 0.2 to 1.0 pA.

Restorations Making Intermittent or
Continuous Contact

Intermittent Contact. A situation can occur
in the mouth in which two alloy restorations,
one in the upper arch and the other in the lower
arch, come into contact intermittently by biting
(Fig. 13). When the two restorations are in direct
contact, a galvanic cell is generated with an
associated galvanic current short-circuited be-
tween the two restorations. The external current
path can take a number of directions, with
the least resistance path controlling. Figure 13
shows two possible pathways, one entirely
through extracellular fluids and the other partly
through extracellular fluids and partly through
saliva.

The current-time transients have been
measured and are presented in Fig. 14. Upon first
making contact, currents of the order of 10 uA
and more occur and decrease rapidly within a
matter of minutes. If, however, the restorations
are open-circuited for a time interval and then

Fig_ 13 Schematic of two restorations making inter-

mittent contact due to biting. The restoration
in the lower arch, which is an amalgam, is more active than
the restoration in the upper arch, which is a gold-base alloy.
Two possible current pathways are shown. An additional
path very likely to occur would be directly through saliva
between the two restorations.
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again closed, the current level will again increase
but not to the same magnitude as from the
previous closure. The amount of recovery will
increase as the time lapse between closure
increases. This phenomenon is explained by
the formation of protective surface films on the
electrodes due to the passage of current. Upon
making contact on succeeding occasions, the
film offers additional resistance to the flow of
current, even though the two restorations appear
to be in direct intimate contact. The films dis-
sipate with time, thus increasing the level of the
initial current on recontacting restorations.

A similar situation can occur because of an
alloy restoration contacting, for example, eating
utensils or dental instruments during dental
treatment. Again a short-circuited galvanic
current is generated. The external circuit will
be partly through saliva and partly through
extracellular fluids.

Continuous Contact. Another situation in
which metallic restorations in the mouth are
capable of generating galvanic currents involves
two dissimilar metallic restorations in contin-
uous contact, as shown in Fig. 15. Most attention
has been given to the combination of amalgam-
gold alloy couples (Ref 52). Other situations

<6
X \
3
© \.. k
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0 y / /
0 15 135 150 270 285 405 420
Time, s
F|g' 14 Current-time responses between gold alloy

and amalgam of the same cross-sectional
areas. Short circuiting occurred for 15 s, followed by a
2 min delay before recontacting. Source: Ref 69

Voltmeter

F|g' 15 Schematic of two adjacent restorations in
continuous contact. Two possible current
paths shown.
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occur, for example, between two amalgam re-
storations (Ref 70)—one a conventional amal-
gam and the other a high-copper amalgam—and
between two gold alloys with differences in
noble metal content. Other situations have
already been discussed. These include a stainless
steel reinforced amalgam (Fig. 8a), an endo-
dontically restored tooth with silver cones
making contact with a gold crown (Fig. 8b), and
an endodontically restored tooth with steel
screwposts making contact with a gold crown
(Fig. 8c). Soldered appliances are also examples
of dissimilar metals making continuous contact.
Any multiphase microstructures are situations
for galvanic corrosion to occur. Multiphase
microstructures occur extensively with dental
alloys.

For the amalgam-gold alloy couple making
direct contact, the amalgam is the anode and
suffers corrosive attack; the gold alloy is the
cathode. As with galvanic couples making
intermittent contact, large galvanic currents
occur on first contact and decrease rapidly with
time. For silver-tin amalgams, the tin from the
tin-mercury phase suffers corrosion attack. The
freed mercury combines with the gold of the
gold alloy to form a gold amalgam that is
capable of producing surface discolorations on
the gold alloy. In addition to becoming corroded,
the amalgam is capable of being degraded in
strength by the corrosion generated by the
galvanic currents (Ref 70).

Currents calculated from polarization resis-
tance and potential differences of various con-
tacting dissimilar metallic restorations indicate
most couples to pass 1 to 5 wA on first contact
(Ref 67). However, amalgam-gold alloy couples
indicate a greater percentage of currents in the
ranges of 6 to 10 and 11 to 15 pA. All couples
initially show a sharp decrease in current with
time, followed by a gradual leveling off as zero
current is approached. However, disruption of
surface protective films can result in increases
in current at later times.

Concentration Cells

Interior-Exterior Surfaces. Because the inte-
rior surfaces of restorations adjacent to the
cavity walls are exposed to extracellular fluids
and higher concentrations of Cl~ than the ex-
terior surfaces exposed to saliva, the interior
instead of the exterior surfaces are more sus-
ceptible to anodic attack from Cl~. However, if
the electrons generated by the anodic oxidations
are not consumed by reductions, the oxidation
reactions will cease. Because the extracellular
fluids have low concentrations of dissolved
oxygen, corrosion of the interior surfaces would
likely cease if it were not for the accessibility of
electrons to the exterior surfaces exposed to
saliva having a supply of dissolved oxygen from
contact with the atmosphere.

Corrosion that is perpetuated by electro-
chemical reactions occurring on adjacent or
opposite surfaces of the same restoration
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constitutes an important pathway for the tarnish-
ing and corrosion of dental alloys. This pathway
is germane to amalgams as well as all types of
restorations, including crowns and inlays that
are cemented into the cavity preparation. In the
mouth, cements are likely to become electrical
conductors because the absorption of oral fluids
permits the passage of ions.

Marginal Crevices. A second pathway can
occur because of the seepage of salivary fluids
into crevices or marginal openings formed
between the restoration (especially with amal-
gams) and the cavity walls. The pathway is dis-
tinguished from the first in that the conditions
developed in the crevice are due to diffusion
and charge balances resulting from the sal-
ivary fluids instead of the extracellular fluids.
Because of a lack of diffusion of the large O,
molecule into the crevice, low O, concentrations
result within the crevice. With time, the acidity
within the crevice increases because of the
accumulation of H* ions from the oral environ-
ment and from corrosive reactions occurring
within the crevice. Chloride and other anion
concentrations will also tend to increase within
the crevice over time because of charge equal-
ization. Therefore, this pathway results in con-
ditions that are similar to the interior-exterior
pathway.

Alloy Surface Characteristics. Porosities,
differences in surface finish, pits, weak micro-
structural phases, and the deposition of organic
matter can initiate corrosion by concentration
cell effects. For example, gold-base alloys are
known to become tarnished more easily when
containing porosities and inhomogeneities
(Ref 71). Rougher surface finishes of restora-
tions generate increased corrosive conditions
(Ref 72). Similarly, the pitting of base metal
dental alloys of the stainless steel and nickel-
chromium varieties occurs by concentration cell
corrosion. Basically, the advancing pit front is
free of O,, but the surfaces of the alloy outside
the pit have an ample supply of O, from the air.
Because the anode-to-cathode surface area is
very small, the corrosion occurring at the bottom
of the pit is concentrated to a very small area,
thus increasing intensity of the attack. Removal
of only a small amount of metal has a large effect
on advancing the pit front.

Amalgam vy, Phase. Deterioration of the
weak, corrosion-prone tin-mercury phase (Y,) in
silver-tin amalgams has also been proposed to
occur by concentration cell corrosion (Ref 66).
In this model, partial removal of the vy, phase
initially occurs by abrasion resulting from biting
and chewing. After removal of the y, phase has
progressed to a sufficient depth, an occluded cell
is formed between the bottom of the depression
and the unabraded surface. Mass transport is
restricted from and into the cell. The condition
will approach conditions occurring in other
types of concentration cells. In the present
example, however, Sn>" will be slowly released
from the passivated 7y, regions. The concen-
tration of Sn®>" will slowly increase within the
occluded cell and will be neutralized by an
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equivalent amount of CI~ by migration from
the bulk electrolyte.

Consumption of O, within the occluded cell
will take place by its utilization in the con-
sumption of electrons by cathodic depolariza-
tion. Replenishment of O, will be restricted, and
the concentration of O, within the cell will
become reduced. When the solubility product
of stannous oxide (SnO) is exceeded, SnO
precipitates and the H* concentration increases.
At this point, activation of the y, phase occurs.
Dissolution of tin occurs freely. The C1~ con-
centration within the cell continuously increases
to maintain electrical neutrality. Galvanic cou-
pling of the occluded cell to the external surface
generates a galvanic cell by which the cathodic
reduction of O, occurs. Corrosion of vy, tin with-
in the cell continues. Under conditions of high
acidity and high concentration of CI~, the
formation of insoluble tin chloride hydroxide
(Sn(OH)CI-H,0) becomes thermodynamically
possible.

Oral Corrosion Processes

Whether corrosion is occurring between
microstructural phases of a single restoration,
between components having different environ-
mental concentrations, or between individ-
ual restorations of different compositions and
making intermittent or continuous contact, the
corrosion processes involved consist of oxida-
tion and reduction. The dissolution of ions is
involved with the anodic reaction, and the con-
sumption of electrons is involved with the
cathodic reaction. The slowest step in the com-
plete chain of events controls the overall corro-
sion rate. Corrosion of alloys in the mouth can
be viewed as being the result of corrosive
and inhibiting factors (Ref 73). Some corrosive
factors consist of C1~ (in most instances), H',
S™ (at times), O,, microorganisms, and the
clearance rate of corrosion products from the
mouth, while some inhibiting factors consist of
protein and glycoproteins (in most instances),
CO,/HCO5; buffering system, PO, /POZ~/
PO; ™ buffering system, and salivary flow rate.

Corrosive Factors

Chloride. The effect of CI' on the dete-
rioration of passivated surface films on stainless
steel, nickel-chromium, and cobalt-chromium
alloys is well known. The susceptibility to pitting
attack is increased. Increased CI” content also
increases the attack of corrosion-prone phases in
amalgam, other base metal alloys, and the low
noble metal content alloys. Because the CI”
concentration in saliva is about seven times
lower than that in the extracellular fluids, the
corrosiveness of CI' in saliva is usually less.
Figure 16 illustrates the effect of CI" concen-
tration on the polarization of amalgam by com-
paring the cyclic voltammetry in deaerated
artificial saliva to that in Ringer’s solution.
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Increases in CI' concentrations are also likely
to occur in crevices, such as the interfaces be-
tween cavity walls and adjacent surfaces of
restoration. The CI" concentration within crev-
ices is expected to increase to preserve electrical
neutrality from the increase in Sn* concentra-
tion resulting from the vy, tin and vy, corrosion
(Ref 66).

Chloride is capable of generating numerous
compounds as products of corrosion. Chloride
combines with zinc, tin, copper, silver, and
others contained in dental alloys. Some of the
products formed include zinc chloride (ZnCl),
stannous chloride (SnCl,), stannic chloride
(SnCly), SnCl compounds such as hydrated
SnOHCI - H,0 and Sny (OH)¢Cl,, copper chlo-
ride (CuCl), cupric chloride (CuCl,), complex
hydrated cupric chloride (CuCl,-3Cu(OH),),
and silver chloride (AgCl). The solubilities are
high for all compounds, except CuCl, AgCl, and
the basic tin and copper chlorides. Many addi-
tional compounds are to be considered for a
complete listing of all potential corrosion pro-
ducts that form from dental alloys. Certainly,
the chlorides of indium, gallium, beryllium, iron,
nickel, chromium, cobalt, and molybdenum
should be included.

Hydrogen lon. The pH in the mouth can
vary from about 4.5 and lower to about 8. In
addition to the normal variations in pH of saliva
due to human factors (see the section “Oral
Fluids” earlier in this article), increased acidity
can also result from a number of additional
factors, such as the operation of crevice corro-
sion conditions, the acid production by dental
plaque, and the effects of food, drink, and
atmospheric conditions. The operation of crevice
conditions in amalgams can increase acidity to
well below a pH of 4. For amalgams, this acidity
is mostly the result of the oxidation of y, and
y: tin in aqueous solution. Under these con-
ditions, the freed H* will become the cathodic
depolarizers. With this increased acidity, dis-
solution of the tooth structure is also likely to
occur. Calcium and phosphorus are likely to be
dissolved from enamel and dentin. Dental plaque
acid is produced by the fermentation of carbo-
hydrate by microorganisms (Ref 13, 14). Most
of the fermentable carbohydrate responsible for
acid production comes from the diet in the form
of sugars or starchy foodstuffs.

Figure 17 shows a schematic Stephan pH test
curve of plaque. Stephan showed that the pH
for all plaques decrease in value following a
sugar challenge (Ref 13). This means that the
production of acid by fermentable carbohydrate
is greater than the rate at which acid can be
removed. As time proceeds, the pH again rises.
For caries-free and caries-active individuals,
the qualitative shapes of Stephan pH curves are
similar; however, the relative position of the
curve for caries-active individuals is shifted to
values in pH of 4.5 and lower. Depending on the
source of the sugar challenge, the pH minimum
on the Stephan pH curves have been shown to
remain for a number of hours (Ref 15). Even
though no data are available to show the effect
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of plaque pH value on the tarnishing and corro-
sion of dental alloys, it follows from first prin-
ciples that the reduction in pH will adversely
affect tarnishing and corrosion resistance.
Metallic restorations can become severely de-
posited with plaque and organic matter, as shown
in Fig. 18.

Sulfide compounds, such as silver sulfide
(Ag,S), cuprous sulfide (Cu,S), and cupric
sulfide (CuS), have very low solubility product
constants and often constitute the tarnished films
on dental alloys. Mercury and tin sulfides may
also be present when amalgams are considered.
The formation of thin insoluble films occurs with
very small amounts of formed corrosion pro-
ducts, especially on the higher noble metal con-
tent alloys. In spite of even microgram quantities
of tarnishing products at times, surface dis-
colorations can still occur and elicit unsatisfac-
tory personal responses. Tarnishing products
under these conditions almost always maintain
biocompatibility with the alloy system. With
the lower noble metal content alloys, however,
increased quantities of corrosion products can
form, and tarnishing and corrosion can become
more involved.

The corrosion potentials for many dental
alloys in sulfide-containing solutions are often
lower than the standard reduction potentials
for the formation of the metal sulfides—an
indication that the metal sulfides are thermo-
dynamically stable. In some instances, particu-
larly with amalgams, dissolution rates increase
with S~ concentrations. This is probably due to
the increased solubility for some of the sulfides
(for example, Sn,S; with amalgams) to form
complexes with other species. Dietary factors
are the main source for increasing S~ levels in
saliva. Some foods, such as eggs and fish, as
well as some drinking waters, are high in sulfur.
Smokers have higher SCN™ saliva concen-
trations than nonsmokers (Ref 76). Sulfate-
reducing bacteria may also generate S in the
mouth. Hydrogen sulfide that is produced in
the crevicular fluid and periodontal pockets can
be easily dissolved in oral fluids. Atmospheric
pollutants often contain high levels of SO, and

/1
rD)
C

01 Artificial

salivy
.

|
o

—

e Ringer's —

"

[ solution

Potential, V vs. SCE
|
o
[5]

-05 J
-07
—09
7 6 5 4 3 2
—Log /A, Alcm?

Fig 16 Anodic polarization at 0.03 V/min of low-
copper amalgam (Microalloy) in artificial sal-
iva and Ringer’s solution. Source: Ref 74

pg 10

H,S and may influence the concentrations of
S in the oral fluids.

Dissolved oxygen participates in corrosion
reactions by either depolarizing cathodic reac-
tions or by reoxidizing disruptive passivated
surface films on base metal alloys. The first
case increases or perpetuates corrosion, while
the second case reduces or inhibits corrosion.
Oxygen depolarization occurs by the customary
electrochemical redox reactions. Electrons from
the anodic process are consumed by the depo-
larization process. For a typical restoration,
the exterior surfaces are exposed to higher O,
concentrations. Differential aeration conditions
can become operative, with the outer surfaces
cathodic to the anodic interior surfaces. In other
situations, differential aeration cells are set up
between the bottoms of pits and the surrounding
surfaces. Other types of pores and porosities are
also likely to generate concentration cells. In
near-neutral solution that corresponds to saliva,
the reaction O,+2H,O+4e¢ —40H occurs

8
>
7
A
56 S~
Oy
B
5 A
4
0 20 40 60
Time, s
Fig. 17 pH versus time responses (Stephan curves)

of plaque from caries-active (B) and caries-free
(A) groups following a sugar challenge. Source: Ref 13

F|g. 18 Alloy restoration after intraoral usage showing
the severity of plaque buildup that can occur.
Source: Ref 75
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most prevalently. If a driving force exists for
metal oxidation, dissolution will be perpetuated
on surfaces exposed to the lower O, concen-
tration.

Oxygen is involved with numerous corrosion
products formed on dental alloys. The tin from
the y; and vy, phases from silver-tin amalgams
generates tin oxide products. These products
passivate the amalgam at potentials less nega-
tive than about —0.7 V versus SCE, as indicated
by the passive regions on the anodic polariza-
tion curves shown in Fig. 16. At more noble
potentials, basic tin chlorides of the type
SnOHCI-H,0 are formed, as indicated by the
large current increases on the polarization
curves. For copper-containing amalgams, basic
copper chlorides of the type CuCl,-3Cu (OH),
form. Some additional products containing
oxygen that are likely to occur with the corrosion
of dental alloys include SnO,, Sny(OH)cCl,,
Cu,0, CuO, ZnO, Zn(OH),, and the oxides of
chromium, nickel, cobalt, molybdenum, iron,
titanium, and so on.

Oxygen is usually excluded from solutions
during polarization testing with alloys. Dis-
solved O, interferes with the anodic processes.
The generated anodic polarization curves ob-
tained in O, containing solutions are usually
cut off within the negative potential regions. For
this reason, deaerated solutions are usually
used to obtain entire anodic polarization curves.
Passive breakdown potentials were observed
to vary depending on whether aerated, dearated,
or air-exposed solutions were used (Ref 77).
However, within the O, concentration range
likely to occur for surgical implants, the anodic
polarization of type 316L stainless steel in
Ringer’s solution was independent of oxygen
concentration (Ref 78).

Microorganisms. Two types of organisms—
sulfate-reducing (Bacteriodes corrodens) and
acid-producing (Streptococcus mutans) bac-
teria—have been discussed with the corrosion
of dental alloys in the mouth (Ref 73). With
regard to sulfate-reducing bacteria, depolar-
ization of cathodic sites is thought to occur by
removing H™ from the metal surface. The
hydrogen is used by the bacteria for the reduction
of sulfate to sulfide, such as by the reaction
SO, +8H" -S54+ 4H,0. In the case of acid--
producing bacteria, the adsorbed microorgan-
isms on the surface establish differential
aeration conditions. As the dissolution of the
metal occurs underneath the deposited micro-
organisms, the released acidic metabolic
products, which include organic acids such as
lactic, pyruvic, acetic, proprionic, and butyric,
increase corrosion of the already-formed anodic
sites. Because anodic areas are relatively small
compared with the larger cathodic areas, corro-
sion can be severe.

The effects of dental plaque by-products from
the fermentation of carbohydrates on the tarn-
ishing and corrosion of dental alloys are prob-
ably more significant than the effect on alloy
corrosion of only the microorganisms them-
selves.
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Clearance Rate. The clearance of corrosion
products from the mouth by the movement of
saliva toward the back of the mouth and even-
tually by swallowing and replenishment affects
the concentration of products in equilibrium with
the metallic restorations. Therefore, a driving
force for the continuation of the corrosion pro-
cesses is maintained. Products of corrosion, like
chemical species introduced through the diet,
are cleared from the mouth by binding the
exterior surfaces of the oral mucosa to the
salivary glycoproteins and mucopolysaccharides
lining. Detailed information on the binding
ability of corroded metallic ions to proteins in
human saliva can be found in Ref 40, 41, and 79.

Alloy Factors. Although the effects of alloy
selection on tarnish and corrosion behavior
are considered in more detail in the section
“Tarnish and Corrosion under Simulated or
Accelerated Conditions” later in this article,
some of the important factors are mentioned
here. Alloy composition and microstructure are
probably the two most important factors. The
corrosion resistance of dental alloys is the result
of nobility in composition or the protectiveness
of oxide films formed on base metal alloys.
Multiphase microstructures are capable of exhi-
biting increased tarnish and corrosion because
of the galvanic coupling of the individual com-
ponents. The heat treatment state of cast alloys
has an important influence on corrosion resis-
tance (Ref 80). Surface state or finish also
influence corrosion; furthermore, cast restora-
tions with burnished margins are more suscep-
tible to corrosion because of differences in
surface cold-worked states.

Inhibiting Factors

Organics in the form of microorganisms
and plaque usually have an accelerating effect
on the tarnishing and corrosion of dental alloys
(see the earlier sections “Effect of Saliva Com-
position on Alloy Tarnish and Corrosion” and
“Oral Corrosion Processes”). Organics in the
form of amino acids, protein, and glycoproteins
have received mixed reports. For the amino
acids, the building blocks of proteins, the pass-
ivation of copper was shown to be improved in
Ringer’s solution with added cysteine, while
nickel became more corrosion prone (Ref 81).
Alanine had little effect. For Ti-6Al-4V, the
amino acids proline, glycine, tyrosine, and others
that constitute many salivary proteins were
again shown to have very little effect.

For the plasma proteins, which simulate the
organic content in blood and which simulate
dental and surgical implant applications more
closely, additional evidence can be found im-
plicating the effect of proteins on corrosion
behavior. For example, the corrosion rates of
cobalt and copper powders increased signifi-
cantly when exposed to saline solutions with
albumin and fibrinogen (Ref 82); however, for
chromium and nickel powders, only slight
increases occurred, and for molybdenum,

decreases occurred. Corrosion of stainless steel
by applied external currents was shown to be
increased when conducted in saline with added
calf’s serum (Ref 83). For a copper-zinc alloy,
the cyclic voltammetry was reported to be altered
by addition of plasma proteins and plasma con-
centrations to a phosphated physiological saline
solution (Ref 84). Albumin and vy-globulin
generated increased passivation currents, while
fibrinogen generated decreased critical current
densities. The anodic polarizations prior to the
onset of critical current densities were also
shifted to more active behavior in the protein
solutions. Finally, the pitting potential for alu-
minum increased slightly in human plasma, and
current-time transients were shifted to lower
values in plasma (Ref 85).

Carbon Dioxide/Bicarbonate Buffering
System. The major buffering system in saliva is
the CO,/HCOj5  system, which has been found to
inhibit corrosion processes on dental alloys.
Inhibition results from the deposition of such
elements as copper, zinc, and calcium as carbo-
nate films. Carbon dioxide, above all other gases,
is contained most abundantly in saliva. Up to
about 150 vol% (~3000 ppm) is contained in
vigorously stimulated saliva. The equilibrium
concentration of HCO3 in saliva is identified
by the redox reaction:
CO»(g) +H,0—-H" +HCO; (Eq 3)

and with its equilibrium constant pK equal to
(Ref 49):

[(HT)(HCO; )]

Pco,

pK=79=—log (Eq 4)

At a pH =7 and rearranging terms yields:

Pco,
Peo 59 Eq 5
HCO; (Ed )

Equation 5 states that the partial pressure, p,
of CO, in units of atmospheres is 7.9 times
larger than the HCOj3 concentration in mol/L.
Therefore, for pco, of the order of 0.07 atm,
HCOj5 concentrations of the order of 0.009 mol/
L are formed. This shows that relatively large
concentrations of HCO5; can be made available
in saliva to form carbonates with cations released
from corrosion reactions on dental alloys and
with other cations found in the mouth, such as
calcium.

Many of the different carbonates likely to
form are insoluble in aqueous solution. The
calcium carbonates are known for making waters
hard. Compounds of this type being deposited
as thin-film tarnish and corrosion products on
dental alloys are very likely to interfere with
the corrosion activity. Deposition over cathodic
sites effectively increases corrosion resistance
by increasing resistance to depolarization re-
actions. Because the films of carbonates are also
likely to increase the contact resistances between
electrodes and saliva, galvanic-corrosion pro-
cesses are likely to change from purely corrosion
control to at least partial ohmic control. Under
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these conditions, local anodes and cathodes may
change in order to maintain lower-resistance
paths for both ionic and electronic conduction.
For example, the in vivo tarnishing of several
silver-palladium alloys was shown to be due to
the galvanic coupling between microstructural
phases located very close to each other on the
alloy surface (Ref 86).

Phosphate Buffering System. A secondary
buffering system in saliva, the PO, /POF/
PO; ™ system, has also inhibited the corrosion
of dental alloys. The progressive inhibition of
amalgam corrosion activity in a chloride solution
(10 millimolar NaCl) was shown to occur with
increasing added phosphate concentrations
(Ref 73). A 15 millimolar phosphate addition
retarded the anodic polarization almost entirely,
while concentrations of 10, 7, 5, and 1 millimolar
generated anodic current peaks of about 2.5,
3.0, 3.5, and 6.0 pLA/mmz, respectively. The 10
millimolar NaCl solution, without phosphate,
generated a continuous increase in current, to
much larger values. No passivation occurred
within the potential range used.

For tin in neutral phosphate solutions, a
passive film forms by precipitation or by a
nucleation and growth process (Ref 87). Tin
phosphate, basic tin phosphate complexes, and
tin hydroxides are formed.

Salivary Flow Rate. Increasing the salivary
flow rate increases the concentration of most
buffering species in saliva. This tends to inhibit
corrosion. The organic content, the CO,/HCO5~
content, the PO, /POZ /PO~ content, pH, and
the Ca®>" content all increase with flow
rate; however, only the increases in CI' con-
centration promote corrosion. Figure 9 shows
the effect of flow rate on the concentration of a
number of species.

Overview. Saliva acts as an ocean of anions,
cations, nonelectrolytes, amino acids, proteins,
carbohydrates, and lipids, flowing in waves
against and into dental surfaces, with a diurnal
tide and varying degrees of intensity (Ref 88).
Whether tarnish and/or corrosion of dental
metallic materials will occur cannot be cate-
gorically stated. It has been discussed that the
degree to which dental alloy corrosion occurs in
the mouth is dependent on the oral environ-
mental conditions for each person. In addition to
effects from the dental alloy itself, competition
between corrosive and inhibitory factors of the
oral environment will dictate whether corrosion
will occur and to what extent. In addition to
the aforementioned factors, still others have
been isolated and should be included for a more
complete assessment of the overall corrosive-
ness or protectiveness of the oral environment
(Ref 73).

Nature of the Intraoral Surface

The composition and characterization of
biofilms, corrosion products, and other debris
that deposit on dental material surfaces are
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discussed in this section. As will be shown, the
nature of these deposits is dependent on the
substrate material (enamel, alloy, porcelain, and
SO on).

Acquired Pellicles

Characteristics. Most surfaces that come
into contact with saliva, including metallic,
polymeric, and ceramic dental materials, as well
as enamel, interact almost instantaneously with
proteins and glycoproteins to form a bacteria-
free biofilm of the order of several nanometers
in thickness (Ref 89-91). This most intimate
layer of organic matter adsorbed to the substrate
material is called the acquired pellicle. A fourier
transform infrared spectroscopy spectra of the
surface of a low-gold dental crown and bridge
alloy after in vivo exposure is shown in Fig. 19.
Detection for protein, carbohydrate, and lipid is
indicated. Thicknesses of the films increase only
slightly with longer exposure times. The pel-
licles, in contrast to enamel and most dental
alloys, are for the most part acid insoluble,
although an acid-soluble fraction also occurs.
The films are diffusion barriers against acids,
thus reducing the acid solubility of enamel and
metallic materials and inhibiting, or at least re-
ducing, the adherence of organisms (Ref 92, 93).

Composition. Chemical analysis of 2-h
pellicles formed on enamel indicated abundant
amounts of glycine, glutamic acid, and serine
(Ref 94). Carbohydrate contents of similar
pellicles formed to enamel were found to contain
about 70% glucose, with a number of other
sugars and small molecules. Acidic proline-rich
phosphoproteins have also been identified from
in vivo enamel pellicles (Ref 95). The proline-
rich proteins constitute as much as about 37%
of the total proteins in new pellicles within the
first hour. However, there is a gradual degrada-
tion beginning after about 24 h that is reflected
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by the fact that the proline-rich protein content in
aged pellicles is less than 0.1%.

Substrate Effects on Pellicle Composi-
tion. Chemical analysis of the pellicles formed
on several plastics and glass showed that the
amino acid content varied and was different
from that formed on enamel (Ref 96). It was
concluded that the chemical composition of
the substrate has an important influence on the
type of proteins that become adsorbed. For
the pellicle formed on dentures, it was concluded
that a specific mechanism was controlling the
deposition of protein and that specific proteins
seemed to be precursors in forming the film
(Ref 97). Isoelectric focusing of the extracted
proteins adsorbed from a human saliva pre-
paration onto a number of different powder
substrate compositions, including palladium,
silver, copper, silver-copper, tin, silver-tin-
copper alloy, bismuth, polymethyl methacrylate,
porcelain, hydroxyapatite, and enamel, indicated
that the same three to four proteins appeared to
be involved with the adsorption process on all
substrates regardless of composition (Ref 41).
Therefore, from this study, substrate composi-
tion appeared not to affect the type of proteins
becoming adsorbed.

Binding Mechanisms. The binding of sali-
vary macromolecules to surfaces has been pro-
posed to consist of electrostatic interactions
between the charged groups in the molecule and
the surface charges on the substrate (Ref 98). For
enamel, only the hydroxyapatite, and not the
organic matrix, contributes a surface charge
for binding. Because the negatively charged
phosphate group comprises about 90% of the
surface area of hydroxyapatite, the phosphate
group rather than the calcium ions will be
the primary binding sites. The hydration layer
contains soluble calcium and phosphate ions
as well as soluble cations and anions. Because
the salivary molecules adsorbed to enamel are
mainly acidic, binding to the negatively charged
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phosphate group appears to occur through a
divalent cation, such as calcium. Phosphorylated
and sulfated acidic proteins show a high affinity
for hydroxyapatite. A direct replacement of the
protein phosphate group and the phosphate in
hydroxyapatite is also likely (Ref 99).

Direct binding to the calcium surface ions
in enamel will also occur, but will be limited
because of the relatively small surface area
fraction occupied by the calcium ions. Adsorp-
tion of salivary proteins to metals may again
occur through a divalent cation. The negative
charges in the acidic proteins are likely to be
bound to the negative anodic surface sites on the
metal surface by the bridging cation. Additional
information on protein binding and analyses of
variations in protein binding to a metal surface
through differential scanning calorimetry can be
found in Ref 100.

Plaque, Corrosion Products, and
Other Debris

Integument. In addition to the thin acquired
biofilms, aged pellicles contain microorganisms
or plaque, mineralized products, corrosion pro-
ducts, and other debris all commonly referred
to as dental calculus. Calculus, which is a by-
product of the reaction between microorgan-
isms and calcification, may form in abundance
in some environments. Calculus does not form
directly onto teeth or other materials. It is
deposited or adsorbed onto the acquired pellicle.
The combined surface coating, including the
adsorbed pellicle, plaque, and calculus, which
includes organic matter and any released ions
or corrosion products generated by the substrate,
is often referred to as the integument.

Substrate Effects on Integument Charac-
teristics. A study was made of the effect of
the restorative material type on plaque com-
position (Ref 101). The carbohydrate/nitrogen
ratios (CHO/N) were similar for amalgam, gold
inlay, gold foil, and resin. Plaque analyzed from
freshly placed restorations had CHO/N = 1; this
value increased to 1.3 and 1.2 at 3 and 6 months,
respectively, and decreased to 0.5 at 1 year and
for old restorations. It was proposed that the
variation in plaque carbohydrate content with
the age of the restoration was due to corrosion
or to the absorption of impurities into surface
porosities and pits. These mechanisms are sup-
ported by the data generated with silicate
restorations. This was the only material to show
significant differences in CHO/N. The CHO/N
was 1.0 at 1 year. This suggests that the carbo-
hydrate is metabolized less efficiently by the
silicate. It is known that silicate restorations
leach fluoride with time. Therefore, the fluoride
acts as an enzyme inhibitor.

The thicknesses of the integuments formed
in the mouth vary and may depend on the sub-
strate material. For example, sputtering times
in Auger electron spectroscopy (AES) depth
profiling required only 0.3 min to reach the
amalgam substrate, while 2.4 min was required
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to reach the gold alloy substrate (Ref 91).
Carbon, nitrogen, and oxygen were distributed
in much the same manner as films formed on
different substrates. The main difference be-
tween the integuments formed on the amalgam
and on the gold alloy was the presence of tin ions
with the amalgam and the presence of copper
ions with the gold alloy. The release of substrate
ions is likely to interact with the attachment
of microorganisms and therefore with the meta-
bolism of plaque.

Substrate Corrosion. Corrosion reactions
involve diffusion of ions—whether cations from
oxidations or dissolved O, and H' for reduc-
tions—through the formed integument. The
surface coating has the ability to act as a diffu-
sion barrier to the movement of ions. Released
ions are likely to become complexed, or bound,
to the proteins and glycoproteins constituting
the integument and free native proteins in the
bulk saliva, provided diffusion is not restricted
by the integument. Insoluble corrosion products
of the oxides, chlorides, sulfides, carbonates,
phosphates, and so on have the capability of
being deposited at the alloy/film interface or
becoming an integral part of the integument.
Soluble products, in addition, may be released
into the bulk saliva.

For one dental restorative alloy, it was shown
that the polarization resistance of the alloy
increased with protein concentration, while at
the same time, the concentration of soluble
species in solution also increased (Ref 63). This
situation was explained by the increased effect
of proteins in solubilizing corrosion products.
Energy-dispersive spectroscopy (EDS) spectra
of the corroded surfaces showed reduced peak
intensities for chlorine and sulfur on surfaces
exposed to the proteins. Therefore, even though
the severity of corrosion is less in protein-
containing solutions, increased levels of soluble
products are still generated.

In Vivo Tarnished Film Compositions.
Auger thin-film analysis of the surfaces of
dental alloys with varying compositions and
after functioning in the mouth indicated that the
tarnished films were due to chemical reactions
between alloy and inorganic species and to the
adsorption and deposition of organic matter
(Ref 43). Carbon was the dominant nonalloying
element by about six times, followed by oxygen,
calcium, nitrogen, chlorine, sulfur, magnesium,
silicon, phosphorus, aluminum, sodium, and tin.
Of the elements from the alloy itself, copper was
dominant. In a microprobe analysis of in vivo
discolorations on gold alloys, both silver sulfides
and copper sulfides were detected, depending on
the composition of the alloy. Sulfur was found
isolated and carbon was present in greatest
quantities (Ref 102).

Intraoral (In Vivo) versus Simulated
(In Vitro) Exposures

Need for Laboratory Testing. The tarnish
and corrosion behavior of dental alloys under

actual oral environmental conditions is required.
However, except for selected clinical trials, the
initial testing of new and improved alloys for
tarnish and corrosion resistance is usually carried
out under laboratory conditions in either simu-
lated or accelerated tests. This is so because of:

e The possible human exposure to harmful
species

e The variability in the oral environmental
conditions from person to person and even
with the same person from location to location
and with time

e As a result of the variability in the oral en-
vironment, the inability to follow the effects
on tarnish and corrosion from changes in
parameters in alloys and in solution

Most laboratory tests use an artificial saliva or
a physiological saline solution, such as Ringer’s
solution (Table 3), diluted Ringer’s solution,
various concentrations of NaCl, and various
concentrations of Na,S. The main deficiencies
with these solutions is that the nonelectrolytes,
including the proteins, glycoproteins, and micro-
organisms, are not included. This fails to pro-
duce the pellicle and integuments on laboratory
samples that otherwise would have formed on
all intraoral surfaces.

In spite of these shortcomings, for the most
part, the inorganic salt solutions have become
indicators for the aggressiveness of the oral
environment. However, the inability to correlate
in vivo to in vitro behaviors in some instances
is likely because of the failure to account for
the shortcomings (Ref 86).

The use of solutions with higher-than-normal
concentrations accelerates the tarnish and corro-
sion processes. For example, 3200 immersions
of 15 s/min duration in a 5% Na,S solution with
a Tuccillo and Nielsen tarnishing apparatus
(Ref 103) is estimated to simulate 12 months of
actual in-service use (Ref 104). Ringer’s and 1%
NaCl solutions, which contain about seven times
the CI' concentration of human saliva, are used
in anodic polarization tests to amplify peaks
in current behavior (Ref 60, 61). Corrosion of
conventional amalgams in Ringer’s or 1% NaCl
generates products that are morphologically
similar to those from retrieved amalgams after
intraoral use (Ref 105, 106).

A comparison of the tarnishing of three
gold alloys, both in vivo and in vitro, indicated
that the cyclic immersions in a 5%Na,S-air
environment predicted with considerable reli-
ability the relative susceptibility for the alloys
to tarnish (Ref 107). The tarnishing of 81 gold-
silver-palladium alloys also indicated acceler-
ated laboratory exposures in Na,S solution
simulated in vivo use (Ref 108). In vivo and in
vitro (Na,S solutions) tarnishing of gold alloys
in Na,S solutions has shown the same micro-
structural constituents to be attacked (Ref 109,
110). Silver-and copper-rich lamellae were the
constituents exhibiting sulfide deposits.

Artificial Solutions in Corrosion and Tar-
nish Testing. As already indicated, the interior
surfaces of restorations are exposed to the
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interstitial fluids and the exterior surfaces to the
salivary fluids. A physiological saline solution
such as Ringer’s, which contains a CI' concen-
tration of about seven times larger than artificial
saliva, is therefore more appropriate for simu-
lating in vivo interior surfaces in laboratory
testing methodologies. The O, content should
be reduced to simulate in vivo levels in dentin.
The use of Ringer’s and even higher CI' con-
centrations is appropriate for the testing of
corrosion that may occur within marginal
crevices of restorations because crevices can
become chloride-rich and acidified. However,
applying these results to the corrosion occurring
on exterior surfaces of restorations may not
be appropriate, even when considering that the
increased CI' corrosion with Ringer’s solution
would be an even more stringent test and that
the results would correspond to maximum cor-
rosion conditions.

An artificial saliva is more appropriate for
testing the corrosion of the exterior surfaces of
restorations. The artificial saliva should take
into account most of the species contained in
saliva and not just a selected few that have
been known to affect alloy corrosion. The arti-
ficial saliva should include the capabilities for
generating organic films on the surfaces, even
though their effects in isolated tests may prove
unimportant. In order to simulate oral environ-
ment conditions, the tarnishing of the exterior
surfaces of restorations, an artificial saliva
incorporating sulfide is appropriate. Even though
the normal sulfide concentrations contained in
saliva are within low ranges, accumulations of
sulfide can occur along and within crevices to
justify the use of higher than normal concen-
trations. However, the sulfur peak intensities
detected with secondary ion mass spectroscopy
(SIMS) on alloy surfaces exposed to low levels
of sulfide solutions were similar to those from
solutions containing higher sulfide concen-
trations. However, the alloy surface color
changes responded more to higher sulfide con-
centrations.

Classification and Characterization
of Dental Alloys

As indicated in the introduction to this article,
a wide range of dental alloys exist. This selection
reviews the following types of alloys available
for dental applications:

Direct filling alloys

Crown and bridge alloys
Partial denture alloys
Porcelain fused to metal alloys
Wrought wire alloys
Soldering alloys

Implant alloys

The effects of composition and microstructure
on the corrosion of each alloy group are dis-
cussed in this section. Additional information
on tarnishing and corrosion behavior of these
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alloys is discussed later in the section “Tarnish
and Corrosion under Simulated or Accelerated
Conditions” in this article.

Direct Filling Alloys

Amalgams. Two types of amalgams are
used: low copper (referred to as conventional)
and high copper. The alloy particles of the low-
copper type are all of the single-particle variety,
whereas the high copper type can also be of the
dispersed particle variety.

Amalgams are produced by combining mer-
cury with alloy particles by a process referred
to as trituration. About 42 to 50% Hg is initially
triturated with the high-copper types, while
increased quantities of mercury are used with
the low-copper types. High-speed mechanical
amalgamators achieve mixing in a matter of
seconds. The plastic amalgam mass after tri-
turation is inserted into the cavity by a process of
condensation. This is accomplished by pressing
small amalgam increments together until the
entire filling is formed. For amalgams using
excess mercury during trituration, the excess
mercury is condensed to the top of the setting
amalgams mass and scraped away. American
National Standards Institute (ANSI)/American
Dental Association (ADA) Specification No. 1
Alloy for Dental Amalgam details standard
requirements for chemical composition, physical
properties, mass, foreign material, and loss of
mercury for alloys used in the preparation of
dental amalgam (Ref 111).

Low-Copper Conventional Amalgams.
The alloy particles with the low-copper type
are basically Ag;Sn, the vy phase of the Ag-Sn
system, even though smaller amounts of the 3
phase, a phase richer in silver, may also be pre-
sent. Copper can be added in amounts up to
about 5 wt% and zinc up to 1 to 2%. About 2 to
4% Cu is soluble in Ag;Sn, while the additional
copper usually precipitates as CusSn, the €
phase of the Cu-Sn system, although amounts of
CugSns, the 1)’ phase, may also occur. The low-
copper particles are mostly lathe cut irregular,
although spherical atomized particles are also
used. The amalgamation reaction for a low-
copper amalgam is:

Ag3zSn-Cu3Sn-Zn+Hg—
AgzzSan27 + SngHg +

AgzSn-Cu3Sn-Zn (unreacted) (Eq 6)

In Eq 6, AgzSn with Cu;Sn and zinc react with
mercury to form two major reaction products of
Agr,SnHg,; (the v phase of the Ag-Hg system
with dissolved tin and referred to as the v,
amalgam phase) and SngHg (the vy phase of the
Sn-Hg system and referred to as the y, amalgam
phase) (Ref 112). Unreacted AgzSn with CuzSn
and zinc particles are held together in a y; matrix
with vy, interspersed within the matrix. Typical
distributions of the phases range up to about 30
wt% for vy, 60 to 80% for vy, 5 to 30% for v, and
up to about 3% for € (Ref 113). Very minimal 1)’
may also form. Zinc is generally distributed
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uniformly throughout material. Porosities are
in all amalgam structures. As high as 6 to 7 vol%
occur with some systems (Ref 114). Inter-
connection of the y, phase throughout the bulk
may also occur (Ref 115). Transformation of the
vAg-Hg (y; amalgam phase) to the BAg-Hg
phase (3; amalgam phase) can also occur with
aging (Ref 116). However, because of the
dissolved tin in the y; structure, stability is
increased. Figure 20 presents the microstructure
of a polished low-copper amalgam showing the
Y. Y1, and y, phases and some porosity.

High-Copper Amalgams. The alloy parti-
cles with the high-copper dispersed-phase type
are blends of conventional particles with basi-
cally spherical silver-copper eutectic particles in
the proportion of about 3 to 1, respectively. The
dispersed particles can be composed of a variety
of silver-copper compositions, with other alloy-
ing elements, and combined in varying propor-
tions with the conventional particles.

The alloy particles with the single-particle
high copper are compositions that can contain
up to 30% Cu and more. The particles are mostly
atomized into spherical shape.

The setting reaction for high-copper dispersed
phase amalgam is:

AgszSn-CuzSn-Zn+ Ag-Sn+Hg—
Ags>SnHg»7 + CugSns +
Ag3Sn-Cu3Sn-Zn (unreacted) +
Ag-Cu (unreacted) (Eq 7)

and for high-copper single-particle amalgam is:

Ag;Sn-CuzSn-Zn—
AgnSnHgs7 + CugSns +

Ag3Sn-CuzSn-Zn (unreacted) (Eq 8)

For dispersed-phase amalgam, v initially reacts
with mercury to form y; and vy, phases, as with
the low-copper amalgam. However, an addi-
tional reaction occurs between Y, and the silver-
copper particles to form 1’ and additional v;.
The 1’ phase forms reaction rings around the
dispersed particles as well as islands of reaction

4 um

F|g_ 20 SEM micrograph of polished, etched, and
partially repolished low-copper amalgam
(minimax). A, v; B, v1; C, v2; D, porosity
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phase within y; matrix. Figures 21 and 22 present
the microstructure of a dispersed-phase amalgam
and EDS x-ray mapping for silver, mercury, tin,
and copper, respectively.

For single-particle high-copper amalgam,
reaction of the initially formed y, phase occurs
with the € phase of the original alloy particles

10 um

Fig_ 21 SEM micrograph of polished, etched, and

partially repolished high-copper dispersed-
phase amalgam (Cupralloy). A, y; B, Ag-Cu; C, y;. See
also Fig. 22.

(c)
Fig. 22
for tin. (d) EDS mapping for copper
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instead of with a dispersed particle to form the
1’ phase again. The v, phase is likely to become
tin enriched. Reaction zones around the original
alloy particles, as well as products within the
matrix, occur.

Figure 23 shows the microstructure of a
polished, etched, and slightly repolished high-
copper single-particle amalgam that shows
primarily the distribution of the 1’ phase. The
elimination of vy, phase and the subsequent
formation of € phase are time dependent and
are dependent on the amalgam system (Ref 117).
For fast-reacting amalgams, formation of )" may
be complete within hours, while for slower-
reacting systems, 1/ may continue to form for
months. The single-particle high-copper amal-
gams contain higher percentages of the )’ phase
and lower percentages of the y, phase, although
all high-copper amalgams contain minimal 7y,
relative to conventional amalgams. Porosities
with the high-copper amalgams can be up to
approximately 5 vol% and with a smaller size
distribution than with the conventional type
(Ref 114). The vy, to 3; transformation can also
occur to a limited extent. With the high-copper
amalgams, both indium (5%) and palladium
(0.5%) containing amalgams add specific char-
acteristics to the amalgams and have gained
limited use.

()

(d)

Elemental maps obtained by energy-dispersive spectroscopy of the high-copper amalgam shown in Fig. 21.
(a) Energy-dispersive spectroscopy (EDS) mapping for silver. (b) EDS mapping for mercury. (c) EDS mapping

Crown and Bridge and Partial
Denture Alloys

Noble Dental Alloys. Noble metals have
traditionally been used as dental casting alloys
for their relative inertness in the oral environ-
ment. The metals that are considered to be noble
differ depending on the source; however, typi-
cally, for dental applications, the noble metals
are gold and the platinum-group metals (pla-
tinum, palladium, iridium, ruthenium, osmium,
and rhodium). Because the alloying of silver with
specific amounts of iridium can make it resistant
to tarnish and corrosion, many also consider
silver to be a noble metal (Ref 118). Historically,
the noble dental casting alloys have consisted of
alloys with greater than 75 wt% Au and metals
of the platinum group, as indicated in the Com-
position requirement section of the 1966 edition
of ANSI/ADA Specification No. 5 for “Dental
Casting Gold Alloy” (Ref 119). This requirement
was based on a belief that to attain acceptable
corrosion and tarnish resistance in the oral
cavity, dental casting alloys had to comprise at
least this minimum percentage of noble metals.
This belief was reflected by the fact that before
1969, over 95% of the fixed dental prostheses
sold in the United States were made of alloys
with a minimum of 75 wt% Au and other noble
metals; however, in this same year, the United
States government ended its support on the
price of gold, placing it on the free market, and
by the early eighties, the price of gold had
increased from around $35 per ounce to over
$400 per ounce (Ref 120). This created an im-
petus for the development of alternative alloys
that used less gold and other noble metals. Even-
tually, advances in metallurgy yielded dental
casting alloys with gold contents of less than
50 wt% that could exhibit acceptable corrosion
and tarnish behavior in the oral environment
(Ref 118). The clinical success and widespread
use of these lower-cost alloys in dentistry
prompted the revision of ANSI/ADA Specifi-
cation No. 5 in 1989 (Ref 121). The revised

F|g 23 SEM micrograph of polished, etched, and
partially repolished high-copper amalgam
(Sybraloy). A, alloy particles; B, y;; C, v/
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specification  dropped the compositional
requirements, removed the word “gold” from the
title, and suggested both a corrosion and tarnish
test, which then became requirements in a further
revision in 1998 (Ref 122). For the purpose of
dental procedure codes, the ADA classifies “high
noble” and “noble” dental casting alloys as fol-
lows (Ref 123):

® High noble: noble metal content (gold and
metals of the platinum group) >60 wt% and
gold >40 wt%.

® Noble: noble metal content (gold and metals
of the platinum group) >25 wt%.

o Gold-base: must contain >40 wt% Au and
gold must be the major element of the alloy.

This classification system is also supported by
the Identalloy Council, which is a group (formed
in 1986) comprising the major dental materials
manufacturers. Table 4 shows the compositions
of some common gold-base dental alloys.

The high noble dental alloys for cast appli-
ances are primarily based on the gold-silver-
copper ternary, with additions of palladium,
platinum, and zinc, as well as grain-refining
elements, such as rubidium and iridium. For the
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most part, the properties of the high noble dental
alloys follow similar patterns as those shown by
the gold-silver-copper ternary alloys, although
the additional alloying elements in the dental
alloys have significant effects on properties.
Because the high noble alloys have relatively
small liquidus-solidus gaps, casting segrega-
tions, inhomogeneities, and coring effects are not
major problems. Microstructurally, single-phase
structures predominate because compositions
fall within the single-phase region of the Au-Ag-
Cu system. Grain refinement by the noble metal
additions of ruthenium and iridium decreases
grain sizes 20 to 50 um (0.8 to 2 mils) and
increases strengths and elongations by about 30
and 15%, respectively (Ref 124).

The primary hardening mechanism in gold-
base dental alloys is by disorder-order super-
lattice transformations of the Au-Cu system. The
ordered domains of the Au-Cu system also
extend into the ternary phase Au-Ag-Cu regions.
Typically, heat treatment times and temperatures
are 15 to 30 min at 350 to 375 °C (660 to
705 °F). Often, it is adequate to bench cool the
casting in the investment after casting to gain
hardness. Because of the complexity of the
dental gold alloy compositions, the exact hard-

Table 4 Compositions, yield strengths, and percent elongation for some common

gold-base alloys

Heat treatment

YS, MPa (ksi) Elongation, %

Composition, wt% Annealed Hardened Annealed Hardened Annealed Hardened

Au 83.4, Ag 11.5, Cu 5.0, A2 162 (3) S 36
Pd<1.0, Ir<1.0

Au 83.0, Ag 12.0, Cu 4.0, AC 125 (18) S 33
Pd 0.95, Ir 0.05

Au 77, Ag 13.54, Cu 7.95, Al 221 (32) . 37.5
Pd 1.00

Au 77.0, Ag 13.63, Cu 7.87, AC 233 (34) . 50
Pd 0.95, Zn 0.5, Ir 0.05

Au 76.8, Ag 12.8, Cu 8.3, A3 263 (38) .. 37
Pd <0.10, Zn+ In+In<1.0

Au 74.5, Ag 11.0, Cu 10.45, A7 325 (47) S 26
Pd 3.5,Zn 0.5, Ir 0.05

Au 74.0, Ag 12.0, Cu 9.0, A4 283 (41) A 32
Pd 3.8, Zn+In+1Ir<1.0

Au 68.75, Ag 12.4, Cu 12.34, Al Hdl 328 (48) 568 (82) 36 12
Pd 3.35,Pt2.9

Au 68.75, Ag 12.4, Cu 12.35, A7 Hd3 393 (57) 569 (83) 32 15
Pd3.3,Pt2.9,In0.25,1r 0.05

Au 68.3, Ag 10.0, Cu 13.8, Pd A6 Hd2 369 (54) 643 (93) 32 8
3.6,Pt29,Zn1.1,InIr<1.0

Au 66.5, Ag 14.50, Cu 14.49, Al Hdl 384 (56) 700 (102) 36 7
Pd 3.50,Zn 1.0

Au 60, Ag 26.7, Cu 8.80, Al 249 (36) .. 41
Pd 3.75

Au 60, Ag 22, Cu 14, Pd 3.75 Al Hdl 358 (52) 644 (93) 37.5 4

Au 58, Ag 27, Cu 10.49, Al o 296 (43) S 39 .
Pd 3.25

Au 56, Ag 25, Cu 13.75, Al Hdl 343 (50) 602 (87) 40 6
Pd 4.00

Au 50.0, Ag 35.0, Cu 9.5, AS 270 (39) . 32
Pd 3.5,In 2.0, Ir<1.0

Au 46, Ag 39.5, Cu 7.49, Al 268 (38) o 28
Pd 6.00, Zn 1.00

Au 42.00, Ag 25.85, Cu 22.05, Al Hdl 437 (63) 747 (108) 26 4.5
Pd 9.09

Key to abbreviations: YS, 0.2% offset yield strength; AC, as cast; A1, annealed at 704 °C (1299 °F) for 15 min and water quenched (wq); A2, annealed
at 700 °C (1290 °F) for 10 min and wq; A3, annealed at 700 °C (1290 °F) for 30 min and wq; A4, annealed at 705 °C (1301 °F) for 15 min and wq;
AS, annealed at 675 °C (1245 °F) for 15 min and wq; A6, annealed at 675 °C (1245 °F) for 10 min and wq; A7, annealed at 700 °C (1290 °F) for
15 min and wq; Hd1, hardened at 315 °C (600 °F) for 25 min and air cooled (ac); Hd2, hardened at 345 °C (655 °F) for 30 min and ac; Hd3, hardened at

350 °C (660 °F) for 15 min and ac
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ening mechanisms depend on the particular
composition of the alloys. Table 5 presents a
schematic representation of the age-hardening
mechanisms and related microstructures occur-
ring in gold dental alloys. Included are repre-
sentations for high-gold alloys (HG), low-gold
alloys (LG), gold-silver-palladium-base alloys
(GSP), and 18 karat and 14 karat gold alloys.
Five types of phase transformations are found
(Ref 125):

e The formation of the AuCu I ordered platelets
and twinning characterized by a stair-step
fashion

e The formation of the AuCu II superlattice
with periodic antiphase domain structure

e The precipitation of the PdCu superlattice
with face-centered tetragonal structure anal-
ogous to the AuCu I

e Spinodal decomposition giving rise to a
modulated structure

e The formation of the lamellae structure
developed from grain boundaries by dis-
continuous precipitation

The noble metal alloys comprise a wide vari-
ety of compositions. Gold-, palladium-, silver-,
and copper-base alloys are used. Platinum and
zinc contents are usually held to several wt%
maximum, if present. Microstructurally, the low-
gold-content casting alloys are complex, and
examination of phase diagrams of either the Au-
Ag-Cu or Ag-Pd-Cu ternary systems indicates
that the liquidus-solidus gaps between the
various phases can be large (Ref 124). Therefore,
coring and casting segregations occur upon
solidification during casting. The alloys are
characterized by dendritic structures combined
with additional phases located within inter-
dendritic positions. Both silver- and copper-rich
segregations occur. The presence of gold, plati-
num, zinc, and other alloying elements further
complicates the structures.

The addition of palladium and zinc to the Au-
Ag-Cu alloy systems makes heat treatments to
single-phase structures difficult. In silver-rich
phases, the solubility limit for palladium and
zinc is only about 1 to 2% at 500 °C (930 °F),
while for copper-rich phases, solubilities are
much higher—of the order of 10%. Therefore,
precipitation of palladium- and zinc-rich phases
occurs. Differences also occur in the gold con-
tents between the phases with the copper-rich
phases having the higher contents (Ref 126).

Silver-palladium-base alloys with additions of
copper, gold, and zinc are also complex and
contain multiple phases. Microstructurally these
alloys are characterized by silver-rich matrices
interspersed with Pd-Cu-Zn enriched com-
pounds.

The hardening mechanisms associated with
some of these noble alloys are shown in Table 5.
In addition to the gold-copper disorder-order
transformations, ordering due to the palladium-
copper superlattices is also usually involved
because of replacement of some of the gold by
palladium.
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Base Metal Alloys. Predominantly base
metal dental casting alloys are classified by the
ADA, according to their noble metal content,
as follows: Predominantly base—noble metal
content (gold and metals of the platinum
group) <25 wt%. A significant amount of the
base metal alloys for metal cast crowns and
bridges are composed of nickel-chromium
alloys, although stainless steels are also used,
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particularly outside of the United States.
Nickel-chromium alloys are also used for the
construction of partial dentures; however,
cobalt-chromium alloys far exceed any other
alloy for use in this application. Titanium
alloys are also gaining popularity for dental
applications.

Nickel-Chromium Alloys. The primary
alloying element with the nickel-base alloys

Table 5 Hardening mechanisms for some dental alloys

The hatched areas represent the hardness peaks on aging of

(9/5)°C+32 °F.

Alloy Temperature, °C
RT. 100 200 300 400 500 600 700 800 900
350°C 690 °C
, 7, AuCu | +d,
HG — AuCu | (fot) —4——wta—— (dp:Ptrichfec) wle —d
Ordering % Stair-step fashion Disordered solid
7 of twin platelets solution (fcc)
7 .
7
480 °C 700 °C
Z CuPd
—— AuCu | + CuPd + d; ‘- u d
LG Ordering + lamellar structure f +dy+dp Disordered solid
from grain boundaries 7 Lamellar solution (fcc)
v structure
7 850 °C
— CuPd (fct) —% +dp(fec) Ll g
GSP | Precipitation of f | ; Lamellar structure (fec)
L10 type (fct) 7 4 from grain boundaries
ordered CuPD f [
7
875 °C
/.
GSP II CuPd (fct) + d (fcc) d—
Lamellar structure from grain boundaries (fcc)
%
7
450 °C 875 °C
Z
— CuPd (fct) + dy ————Z—»l«——CuPd + dy + dp———>|= d —
GSP Il Precipitation of 7/ | f Lamellar structure (fcc)
L1g type (fct) L —¢ from grain boundaries
ordered CuPd f | ;
330 °C
7
— AuCu [ (fct) d
18K Stair-step fashion % Disordered solid solution (fcc)
of twin platelets %
7
, 360 °C 610 °C
dy+d
14K — AuCulll + dp Z mo:dulat%d . d ) )
Ordering (APB) + 7 structure Disordered solid solution
modulated structure ; Lamellar structure
100 200 300 400 500 600 700 800 900
Room Temperature, °C
temperature
Composition, wt%
Alloy Au Pt Pd Ag Cu
HG 68 11 6 6 9
LG 30 22 29 18
GSP-1 20.0 25.2 449 9.9
GSP-1I 12.0 28.0 48.8 11.2
GSP-111 10.0 254 50.0 12.8
18K 75.0 . 8.7 16.3
14K 58.3 14.6 27.1

HG, high-gold; LG, low-gold, GSP, gold-silver-palladium. Source: Ref 12
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is chromium between about 10 and 20 wt%:
Molybdenum up to about 10%; manganese and
aluminum up to about 4% each; and silicon,
beryllium, copper, and iron up to several percent
each can also be added. The carbon contents
range between about 0.05 and 0.4%. Elements
such as gallium, titanium, niobium, tin, and
cobalt can also be added. Because of differences
in properties required for crown and bridge
applications versus partial denture applications,
minor modifications in compositions occur
between nickel-chromium alloys intended for
the two applications. This is reflected by the fact
that crown and bridge nickel-chromium alloys
contain higher percentages of iron, very minimal
or no aluminum and carbon, and copper
additions (Ref 127).

Chromium and molybdenum are added for
corrosion resistance. In order to be effective,
these elements must not be concentrated along
grain boundaries. Chromium contents below
about 10% deplete the interior of the grains
leading to corrosion. Molybdenum protects
against concentration cell corrosion, such as
pitting and crevice corrosion, and is also a solid-
solution hardener. Thus, in 1993, the German
Federal Health Department recommended a
minimum amount of chromium and molybde-
num of 20 wt% and 4 wt%, respectively, for
dental surgery materials (Ref 128). Manganese
and silicon are reducing agents, while aluminum
also improves corrosion resistance and improves
strength through its formation of intermetallic
compounds with nickel. Silicon, like beryllium
and gallium, lowers the melting temperature.
Beryllium is also a solid-solution hardener and
improves castability. Niobium, like molyb-
denum and iron, affects the coefficient of thermal
expansion. Gallium is a stabilizer and improves
corrosion resistance. The oxide-forming ele-
ments and the elements promoting good bond
strength to porcelain are discussed later in the
section “Porcelain Fused to Metal (PFM)
Alloys” in this article.

Cobalt-Chromium Alloys. ASTM F 75
“Standard  Specification  for  Cobalt-28
Chromium-6 Molybdenum Alloy Castings and
Casting Alloy for Surgical Implants” sets the
compositional requirements for chromium,
molybdenum, and carbon, in wt%, as follows:
27.00 to 30.00% for chromium, 5.00 to 7.00%
for molybdenum, and a maximum of 0.35%
for carbon (Ref 129). Small additions of other
elements, such as silicon and manganese at
maximum values of 1%, iron at a maximum
of 0.75%, and nickel at a maximum of 0.50%,
are also sometimes present, with the balance
of the alloy being cobalt. This composition forms
the basis for two additional generalized compo-
sitions. The first includes a group of alloys that
has been developed from the aforementioned
basic composition but with each modified by
the addition of one or more elements in order to
obtain a particular range of properties (Ref 130).
Some of these modifying elements include
gallium, zirconium, boron, tungsten, niobium,
tantalum, and titanium.
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The second generalized composition includes
replacement-type alloys, with a major portion of
the cobalt replaced by nickel and/or iron. The
resulting composition is a cross between cobalt-
base alloys and stainless steels. The effects of the
individual elements on the properties of the
alloys are similar to those already discussed for
the nickel-chromium alloys.

Even though chromium is just one of the
alloying elements in cobalt-chromium-molyb-
denum alloys, many studies have attributed the
passivating behavior of the films that cover these
alloys to the oxides of chromium (Ref 131-135).
For example, using electron spectroscopy for
chemical analysis (ESCA), Storp and Holm
determined that a chromium-rich oxide layer
had formed on a Vitallium implant (28% Cr, 6%
Mo, Mn+ Ni+ Fe+ W <2%, balance Co) that
had been immersed in water, with the chromium
that was present being in the trivalent form
(Ref 132). Chromium (III) oxide, Cr,O;, is
known to be a metal deficit (oxygen excess)
oxide, or p-type semiconductor, under most
conditions (Ref 136-140). This is significant
because generally for p-type semiconductors,
oxide growth occurs at the oxide/ambient inter-
face, as a result of outward cation diffusion
(Ref 137). Thus, oxide growth occurs at the
oxide/electrolyte surface, which makes it fea-
sible to image this oxide growth. With this in
mind, in-situ electrochemical atomic force
microscopy (AFM) has been performed on a cast
cobalt-chromium-molybdenum alloy, relating
its electrochemical behavior with its oxide
structure (Ref 141, 142).

In general, cobalt-chromium alloys are har-
dened principally by carbide formation, and it is
known that the variance in carbon composition
has a great effect on carbide content. An increase
in carbon from 0.05 to 0.30% will increase
the carbide content from less than 2 to 5% to
between 5 and 15% by volume, which will
substantially increase the hardness of the alloy
(Ref 143). A number of carbides have been
detected in dental cobalt-chromium alloys
(Ref 144), with MC, M4C, and M,;C¢ being the
most prominent.

Molybdenum is added to cobalt-chromium
alloys as a grain refiner to produce finer grains
upon casting and forging, resulting in a material
with greater mechanical properties (Ref 145).
Molybdenum is also added as a hardening agent,
an oxide former, and to increase crevice and
pitting corrosion resistance.

The scanning electron micrographs (SEMs)
in Fig. 24 show an ASTM F 75 cast cobalt-
chromium-molybdenum alloy with a carbon
content of 0.22 wt% that was subjected to a
homogenizing anneal (Ref 142). The grains
range from approximately 50 to 500 um (2 to
20 mils) in size, and the alloy contains both
intragranular (at interdendritic sites) and inter-
granular carbide distributions, with a variety of
shapes and sizes. However, thermomechanical
processing of cobalt-chromium-molybdenum
alloys can have a drastic effect on the micro-
structure, as discussed later in the section
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“Cast, Wrought, and Forged Cobalt-Chromium
Alloys.”

Titanium-Base Alloys. The first alloy to be
successfully cast had a composition of 82Ti-
13Cu-4.5Ni with a melting temperature of
1330 °C (2426 °F). The introduction of an
argon/electric arc vertical centrifugal casting
machine and a vacuum-argon electric arc pres-
sure casting machine made the casting of the
higher melting point titanium alloys achievable.
Pure titanium and Ti-6Al-4V have been suc-
cessfully cast by these latter methods (Ref 146).

Copper-aluminum alloys are also used as
dental restorative materials. Compositions
include the copper base, with about 10 to 20%
Al, and up to approximately 10% iron, manga-
nese, and nickel. The as-cast etched structures
are dendritic.

Factors Related to Casting. Many factors
determine the castability of dental alloys. Some
of these factors include the casting temperature
and surface tension of the molten alloy as well
as many variables associated with the casting
technique, some of which include wax pattern
preparation, position of the pattern in the casting
ring, techniques used in alloy heating, and cen-
trifugal casting force. Some factors affecting
casting accuracy include the thermal contraction
of the alloy as a result of going from liquid to
room temperature, the effectiveness of invest-
ment material to compensate for the thermal
contraction of the alloy, anisotropic contractions,
and the roughness of the casting.

Casting porosity is another important factor
in the casting process. Although casting tech-
nique variables affect porosity contents, alloy
composition can also affect porosity. One way
in which composition affects porosity is the
generation of internal shrinkage pores between
microstructural phases in complex multiphase
alloys. This microporosity weakens alloys,
makes finishing and polishing more difficult,
and is a prime factor in tarnishing. Palladium
in alloys is susceptible to occluding gases
from the melt. Therefore, palladium-containing
alloys have the potential for becoming affected
mechanically through embrittlement.

(a) 50 um
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Porcelain Fused to Metal (PFM) Alloys

Stringent demands are placed on the alloy
system meant to be used as a substrate for
the baking on or firing of a porcelain veneer. The
thermal expansion coefficients of alloy and
porcelain must be matched so that the porcelain
will not crack and break away from the alloy as
the temperature is cooled from firing temper-
ature to room temperature. Thermal expansion
coefficients of porcelains are in the range of
14x10°° to 15x10°® in/in.°C. Selection of an
alloy with a slightly larger coefficient by about
0.05% is recommended so that the alloy will
be under slight compression.

The alloy must have a high melting point
so that it can withstand the firing temperatures
involved with the porcelain. However, the tem-
perature must not be excessively high so that
conventional dental equipment can still be
used. A temperature of 1300 to 1350 °C (2370
to 2460 °F) is about maximum. The porcelain
firing procedures require an alloy with high
hardness, strength, and modulus so that thin
sections of the alloy substrate can support the
porcelain, especially at the firing temperatures.

High mechanical properties are also required
for resisting sag of long span bridge unit
assemblies during firing. The alloy should also
have the ability to absorb the thermal contraction
stresses due to any mismatch in expansion
coefficients as well as occlusal stresses without
plastic deformation. Therefore, too high of a
modulus for a material with an insufficient yield
strength is contraindicated, although too high of
an elastic deformation is also contraindicated.
High bond strengths are required so that the
porcelain veneers remain attached to the alloy.
The alloy system must also be chemically com-
patible with the porcelain. Alloying elements
must not discolor porcelain yet must have tarnish
and corrosion resistance to the fluids in the oral
environment.

In order to promote and form high bond
strengths between porcelain and alloys, the alloy
must have the ability to form soluble oxides
that are compatible with the porcelain. At the

—
(b) 10 um

F|g 24 SEM micrographs showing the microstructure of an ASTM F 75 cast cobalt-chromium-molybdenum alloy

that was subjected to a homogenizing anneal. (a) SEM in the secondary electron mode showing both intra-
granular and intergranular carbide distribution. 350x. (b) SEM in the backscattered electron mode showing a large
intergranular carbide. 1500%. The samples were polished to a 0.05 um (0.002 mils) alumina finish and electrolytically

etched in 2% HCl at 3.5 V for 6 s. Source: Ref 142
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firing temperature, the porcelain should spread
or wet the surface of the alloy. Therefore, both
mechanical and chemical interactions are
involved in this process. In order to promote
chemical interactions, specific oxide-forming
elements, such as tin, indium, or gallium, are
added to the alloy in low concentrations. The
addition of iron, nickel, cobalt, copper, and zinc
provide the means for hardening.

The fabrication of the PFM restoration con-
sists of a complex set of processes. After casting,
the alloy substrate is subjected to a preoxidation
heat treatment to achieve the optimum surface
oxides that are important for porcelain bonding.
As many as three or more different porcelain
firings follow. These include a thin opaque layer
adjacent to the alloy, followed by body porcelain
layers, including both dentin and enamel por-
celain buildups. The opaque layer should mask
the color of the alloy from interfering with
the appearance of the porcelain. The body
porcelain layers build up the restoration to the
desired occlusion. The alloy-porcelain systems
are slowly cooled from firing temperatures to
accommodate dimensional changes occurring
in both alloy and porcelain. Therefore, the alloy
substrates are subjected to a number of tem-
perature cycles during processing that affect
their microstructure and properties. The slow
cooling cycles also permit the formation of
the compounds important for hardening of
alloys.

Noble Metal PFM Alloys. The evolution
of alloys for the PFM restoration has generated
at least four different noble alloy systems.
These are classified as gold-platinum-palladium,
gold-palladium with and without silver, silver-
palladium, and high-palladium content alloys
(Ref 124, 147-149).

Gold-Platinum-Palladium PFM alloys. The
compositions of alloys included within this
group are in the range of 80 to 90% Au, 5to 15%
Pt, 0 to 10% Pd, and 0 to 5% Ag, along with
about 1% each of tin and indium. Other additions
may include up to about 1% each of iron, cobalt,
zinc, and copper. Platinum and palladium addi-
tions increase melting temperature and decrease
thermal expansion coefficients, with platinum
having the added effect of hardening the alloy.
Iron is the principal hardening agent. Iron pro-
motes the formation of an ordered iron-platinum
type intermetallic phase that forms between
850 and 1050 °C (1560 and 1920 °F) on cooling
from the firing temperature (Ref 124). The
ordered phase is finely dispersed throughout
the matrix. Iron, along with tin and indium, pro-
motes bonding to porcelain by diffusing into
the porcelain up to about 60 um (2 mils) at the
firing temperature. Tin and indium also pro-
mote solid-solution strengthening. Alloys within
this group range in color from light yellow to
yellow.

Even though these alloys have many advan-
tages, their high cost and low sag resistances
have necessitated the development of additional
alloy systems. Unless they are used in thick
sections, for example, 3x3 mm (0.12x0.12 in.),
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plastic deformation of long spans will occur
during firing.

Gold-Palladium and Gold-Palladium-
Silver PFM Alloys. Gold-palladium with and
without silver alloys were developed as alter-
natives to the costly gold-platinum-palladium
alloys. The Au-Pd-Ag system was one of the
first alternative systems. Up to 15% Ag and 30%
Pd replaced all of the platinum and a large
fraction of the gold from the Au-Pt-Pd system,
which resulted in substantial cost savings. The
gold-palladium-silver alloys possessed better
mechanical properties for the PEM restoration.
Because gold-palladium, gold-silver, and palla-
dium-silver are all solid-solution alloys, the
ternary Au-Pd-Ag system also forms a series
of solid-solution alloys over the entire com-
positional ranges. Therefore, the matrices of the
gold-palladium-silver dental alloys are single
phase. Up to 5% Sn is added, which hardens
the alloy by forming compounds with palladium
that are dispersed throughout the matrix, and
it serves as an oxide former and bonding agent
with porcelain. Because platinum was avoided,
there was no need to incorporate iron for hard-
ening.

A major shortcoming of the Au-Pd-Ag PFM
alloys was the ability of silver from the alloys
to vaporize, diffuse, and combine with the por-
celain at the firing temperature. This resulted
in color changes, mostly greenish, along the
alloy-porcelain margin, with sodium-containing
porcelains being more susceptible to changes
in color.

The development of the silver-free gold-
palladium alloys eliminated the discoloration
of the porcelain. Their compositions cover a
wide range: 50 to 85% Au, 10 to 40% Pd, O to
5% Sn, and O to 5% In, along with possible
additions from zinc, gallium, and other elements.
The alloy matrix is based on the Au-Pd binary
system, which is of the solid-solution type.
Hardening is due to Pd-(In, Sn, Ga, Zn) com-
plexes that disperse throughout the matrix.
Microstructurally, a fine network of gold-rich
regions are entwined by second-phase particles
of Pd-(Sn, In, Ga, Zn). Their color is only a pale
yellow, unlike some of the deeper yellow gold-
platinum-palladium alloys. However, about a
30 to 40% cost savings is obtained. Their
mechanical properties are superior, which means
good sag resistance at the firing temperatures.
The only disadvantage with these alloys is their
lower thermal expansion coefficients when used
with some of the higher-expanding porcelains.

Some gold-palladium alloys have up to 5%
Ag, which is much lower than the 15% contents
used with the original gold-palladium-silver
alloys. The lower silver concentrations result
in better thermal expansion matches with por-
celain and the elimination of porcelain dis-
coloration.

Palladium-Silver PFM Alloys. These alloys
were developed out of the need to reduce the
cost of the PFM restoration even more than from
those fabricated from gold-palladium alloys.
Compositions range from 50 to 60% Pd, 25 to

35% Ag, 5 to 10% Sn, 0 to 5% In, and up to
2% Zn.

The microstrutures of the alloys are based
on the Pd-Ag solid-solution system. Instead of
using copper to harden the alloys, hardening
occurs through compounds formed between
palladium and tin, indium, zinc, and others.
Hardening rates are high, which indicates non-
diffusional reactions. It is likely that hardening
occurs by ordering processes that form by
spinodal decomposition (Ref 124). Oxides are
imparted to the alloy surface because of the
oxide-forming ability of indium, tin, and zinc
alloying additions. This promotes high bond
strengths. The mechanical properties of the
palladium-silver alloys, along with the high-
palladium alloys discussed subsequently, are
superior to those of any other system, excluding
the nickel-chromium alloys. As with the gold-
palladium-silver alloys, the chief shortcoming
of the palladium-silver PFM alloys is the ability
of silver to discolor porcelains during firing.
In order to overcome this problem, various
methods have been used, including coupling
agents composed of porcelains or colloidal gold.

High-Palladium PFM. The compositions
of these alloys are 75 to 85% Pd with 0 to 15%
Cu, 0 to 10% Ga, 0 to 8% In, 0 to 5% Co, 0 to
5% Sn, and 0 to 2% Au. The alloys are based
on either the Pd-Cu-Ga or the Pd-Co-Ga ternary
systems. Regardless of the high copper con-
tents, these alloys do not induce porcelain
discoloration and bonding problems. Many of
these alloys have better workability than other
types of PFM alloys, while retaining high hard-
nesses. The hardness is dependent on the forma-
tion of intermetallic compounds with palladium
on cooling from the firing temperature. Because
of their oxidizer content, the alloys form strong
bonds with porcelain. Oxides form with palla-
dium and the alloying additives. However,
palladium oxide (PdO) forms only during heat-
ing and cooling because of the relatively low
decomposition temperature for the oxide.

The oxide-forming ability of the added oxi-
dizers is dependent on alloy composition, tem-
perature, and time. Indium, gallium, and cobalt
oxidize preferentially, while copper and tin show
nonpreferential oxidation. Cobalt suppressed the
oxidation for copper and tin in one alloy system
(Ref 150).

Base metal PFM alloys are primarily com-
posed of the nickel-chromium alloys. Cobalt-
chromium alloys are also used, but they
constitute only a very small percentage of base
metal use for PFM.

The nickel-chromium PFM alloys are very
similar, if not the same, as the compositions
of the nickel-chromium alloys used for partial
dentures, which are discussed earlier in this
article. One distinction in the compositions,
however, is the absence of carbon with the PFM
compositions (Ref 127).

The mechanical properties of the nickel-
chromium alloys are excellent for the PFM
restoration. The high strengths, moduli, yield
strengths, and hardnesses are used to advantage
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with PFM and partial dentures. Thinner alloy
sections can be made from nickel-chromium
alloys than from the noble metal alloys. The
flexibilities of long span partial denture frame-
works are only one-half those for the high gold-
content alloys. Additionally, the sag resistances
of the nickel-chromium alloys at the porcelain
firing temperatures are superior to all of the
noble metal alloys.

The bond strengths are seriously impaired
by nonadherent or loosely attached oxides. A
properly attached oxide is characterized by
minute protrusions on the underside of the oxide
layer at the alloy/oxide interface that extends
into the alloy. For alloys containing additional
microstructural phases, larger peg-shaped pro-
trusions also occur on the underside of the oxide
layer, improving oxide adherence (Ref 151).
The oxide layer on nickel-chromium alloys
contains nickel oxide (NiO) on the exterior
of the oxide scale, chromium oxide (Cr,0O3) at
the interior covering the alloy, and nickel-
chromium oxide (NiCr,03) in between. The
relative amounts of the oxides depend on the
chromium concentration and alloying elements
in the alloy, as well as temperature, time of
oxidation, and pO, in atmosphere.

The bond strengths between alloy and porce-
lain are significantly affected by minor alloying
elements. The additional alloying elements of
molybdenum, aluminum, silicon, boron, tita-
nium, beryllium, and manganese also form
oxides of their own. An aluminum content of
5% is necessary for aluminum oxide (Al,03) to
form, while 3% Si is required to form silicon
dioxide (SiO,), which increases in concen-
tration as the alloy/oxide interface is approached.
Manganese forms manganese oxide (MnO) and
manganese chromite (MnCr,O,), and these are
mainly concentrated at the outermost part of
the oxide. Even though molybdenum oxide
(MoO) volatizes above 600 °C (1110 °F),
molybdenum is still found in the oxide layer
close to the alloy/oxide interface with alloys
containing more than 3% Mo. Beryllium, which
improves the adherence of the oxide layer to
the alloy, is also found concentrated near the
alloy/oxide interface.

The cobalt-chromium PFM alloys typically
comprise nickel, tungsten, and molybdenum as
major alloying elements. Tungsten and molyb-
denum are high-temperature strengtheners, and,
therefore, increase sag resistance. Tantalum and
ruthenium can also be added in minor amounts.
The carbon is also reduced or eliminated with
PFM alloys (Ref 127). The carbon monoxide
gases generated during firing of porcelain are
likely to cause porosities in the interface and in
the porcelain.

Wrought Alloys for Wires

Property Requirements with Orthodontic
Biomechanics. Orthodontic wires (frequently
used round sizes are 0.3 to 0.7 mm, or 0.012
to 0.028 in., in diameter) constitute a large per-
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centage of the wrought alloys used in dentistry.
The orthodontic wires most commonly used
include stainless steels, cobalt-chromium-nickel
alloys, nickel-titanium alloys, and [-titanium
alloys. Note that gold-base wires are used on a
very limited basis (formerly, they were used
more extensively). The stainless steel and
cobalt-chromium-nickel wires have been used
extensively with conventional orthodontic bio-
mechanics. That is, the ability to move teeth was
based to a large extent on the stiffnesses of the
wire appliances. Materials with high yield
strength to modulus of elasticity ratios were
required. However, the nickel-titanium and f3-
titanium alloys take advantage of relatively lower
yield strength to modulus of elasticity ratios.
This is because even though slopes for the stress-
strain curves of these alloys are low, the released
energies (area under the stress-strain curve) can
still be large, as a result of greater deflections.
Certified orthodontic wires comply with the pro-
perty requirements of ANSI/ADA Specification
No. 32, “Orthodontic Wires,” which covers base
metal wires for orthodontics (Ref 152).
Stainless Steel and Cobalt-Chromium-
Nickel Wires. The stainless steels used are
usually the austenitic 18-8 type (approximately
18% chromium and 8% nickel by weight),
although precipitation-hardening type steels
have also been used. The springback of the 18-8
wires can be improved by a stress-relief heat
treatment. For instance, heat treatment of the
as-received drawn wires at 400 °C (750 °F)
treatment for 10 min generates significant im-
provements in springback (Ref 153). The cobalt-
chromium-nickel wires also generally include
nickel and iron as other major alloying elements.
Aluminum, silicon, gallium, and copper are not
added to the cobalt-chromium-nickel wires, as
with the PFM cobalt-chromium alloys, because
bonding agents with porcelain are not needed.
Mechanical properties are controlled primarily
through the addition of carbon, which affects
carbide formation. Although the operator has
some control over the mechanical properties of
the cobalt-chromium-nickel wires through heat
treatments, these wires are supplied in different
temper designations from soft to semiresilient
to resilient (Elgiloy is one of the commonly
used cobalt-chromium-nickel alloys).
Nickel-Titanium and p-Titanium Wires.
The elasticity effect of nickel-titanium (gener-
ically referred to as Nitinol) is one of its most
important characteristics. Nickel-titanium wires
can almost be bent back on themselves without
taking a permanent set. Even greater defor-
mations, by as much as 1.6 times, can be
achieved with superelastic nickel-titanium
alloys (Ref 154). Nickel-titanium orthodontic
alloys are primarily composed of the inter-
metallic compound NiTi. The alloy is tough,
resilient, and has a low modulus of elasticity.
Cobalt is sometimes added to nickel-titanium
wires in order to obtain critical temperatures
that are useful for the shape memory effect of
the alloys. Furthermore, copper and chromium
ranging from 5 to 6% and 0.2 to 0.5% by weight,
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respectively, have been added to superelastic
nickel-titanium wires to obtain shape memory
at temperatures between 27 and 40 °C (81 and
104 °F); however, an in-vitro study in simulated
physiologic media showed that these alloy
additions did not affect the corrosion resistance
of the wires (Ref 154).

Alpha-titanium  (hexagonal close-packed
structure) is the stable form of titanium at room
temperature. By adding alloying elements to
the high-temperature form of -titanium (body-
centered cubic structure), the 3 phase can also
exist at room temperature, but in the metastable
condition. The [ stabilizers include molyb-
denum, vanadium, cobalt, tantalum, manganese,
iron, chromium, nickel, cobalt, and copper. Beta-
titanium is strengthened by cold working or
by precipitating the phase. A variety of heat
treatments can be used to alter the properties
of the wires (Ref 155).

Soldering Alloys

Composition and Applications. Gold-base
and silver-base solder alloys are used for the
joining of separate alloy components (Table 6).
High fusing temperature base alloy solders are
also used for the joining of nickel-chromium and
other alloys. In many cases, the term brazing
would be more appropriate, but the term is
seldom used in dentistry (technically, brazing
is performed at temperatures exceeding 425 °C,
or 800 °F, and soldering is performed at tem-
peratures below this value). The gold-containing
solders are used almost exclusively in bridge-
work because of their superior tarnish and
corrosion resistance. The use of non-noble metal
containing silver-base solders is limited mainly
to the joining of stainless steel and cobalt-
chromium wires in orthodontic appliances
because of the impermanence of the appliances.

The joining by soldering of small units to form
a large one-piece partial denture is employed
in some processing techniques. This is done to
prevent framework distortions that may occur
with large one-piece castings. The salvaging
of large, poorly fitting castings by sectioning,
repositioning, and soldering the pieces together
also takes place. For PFM restorations, soldering
is carried out either prior to or after the porcelain
has been baked onto the alloy substrate. Pre-
soldering uses high fusing temperature solders,
while postsoldering uses lower fusing tempera-
ture solders.

Gold-base solders are most often rated accord-
ing to their fineness, that is, the gold content in
weight percent related to a proportional number

Table 6 Compositions of some dental
solders

Composition, wt%

Type Au Pd Ag Cu Sn In Zn
Silver . 52.6 22.2 7.1 .o 141
Gold 450 ... 206 28.4 4.3 .29
Gold 63.0 27 19.0 8.6 .65 L
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of units contained in 1000. Conventional gold-
base crown and bridge alloys are seldom sol-
dered together with solders having less than a
600 to 650 fineness. The soldering of gold-base
wire clasps to cobalt-chromium partial dentures
is another application for the higher-fineness
solders. However, with the use of the low-gold-
content crown and bridge alloys, lower-fineness
solders are used. The lower-fineness solders are
also occasionally used to solder the cobalt-
chromium-nickel wires. The gold-base solders
usually do not contain platinum or palladium,
which increases melting temperatures. The
important requirement to be satisfied during
soldering is that the solders melt and flow at
temperatures below the melting ranges of the
parts to be joined.

The compositions of gold-base solders are
largely gold-silver-copper alloys to which small
amounts of other elements, such as zinc, tin,
and indium, have been added to control melting
temperatures and flow during melting. The
silver-base solders are basically silver-copper-
zinc alloys to which smaller amounts of tin have
been added. The higher-fusing solders, to be
used with the high-fusing alloys, are usually
specially formulated for a particular alloy com-
position because not all alloys have good sol-
dering characteristics.

Microstructure of Solder-Alloy Joints. The
microstructural appearance of the gold alloy-
solder joints provides information as to their
quality. A thin, distinct, continuous demarcation
between the solder alloy and the casting alloy
should exist, indicating that the solder has
flown freely over the surface and that no mutual
diffusion between the alloys has occurred. The
junction region should be free of isolated and
demarcated domains, indicative of the formation
of new alloy phases. Obviously, porosity is to
be avoided. However, microporosity among the
phases in solder may be unavoidable. As with the
cooling that occurs with all alloys, differences in
the thermal expansion coefficient among phases
can generate microporosity. The presence of a
distinct layer of columnar dendrites within the
solder, starting at the solder/alloy interface and
projecting into the solder bulk, is assurance that
there has been no tendency of the alloy surface
to melt (Ref 156). The solidified solder tends
to match the grain size of the parent alloy by
epitaxial nucleation of the solder by the casting
alloy. The microstructural characteristics of
low-gold-content casting alloys interfaced by
soldering affect the microstructural character-
istics of the solidified solder (Ref 156).

Microstructurally, a silver-base solder is
multiphasal. Both silver- and copper-zinc-rich
areas occur, which is in contrast to some of the
higher-fineness gold-base solders that are single
phase.

Implant Alloys

Applications and Compositions. Dental
implants, which are used for supporting and
attaching crowns, bridges, and partial and full
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dentures, can be of the endosseous and sub-
periosteal types. The endosseous implants pass
into or through the mandibular or maxillary arch
bones, while the subperiosteal implants are
positioned directly on top of or below the man-
dibular or maxillary bones, respectively. Endo-
sseous implants are usually selected for size and
type from implants already made, while the
subperiosteal implants are usually custom made
for the particular case. Therefore, both cast and
wrought forms of implants are used. The alloys
used for dental implants are similar in compo-
sition to the alloys mentioned previously for use
with crowns and bridges and partial dentures.
These include stainless steel, cobalt-chromium,
and titanium and its alloys (Ref 28, 127).

Cast, Wrought, and Forged Cobalt-
Chromium Alloys. In addition to castings,
cobalt-chromium alloys for surgical implants

can also be obtained in the wrought and forged
condition. ASTM F 1537 and F 799 for wrought
and forged cobalt-chromium-molybdenum
alloys, respectively, specify both low- and high-
carbon alloys, along with a dispersion-strength-
ened alloy (Ref 157, 158). The low-carbon and
dispersion-strengthened alloys have a maximum
carbon content of 0.14 wt%, while the high-
carbon alloy has a minimum and maximum
carbon content of 0.15 and 0.35 wt%, respec-
tively. In general, the wrought and forged cobalt-
chromium-molybolenum alloys exhibit superior
mechanical properties to the cast form (ASTM
F 75 of the alloy.

The scanning electron micrographs in Fig. 25
show the varied microstructures of five different
cobalt-chromium-molybdenum (Ref 142) at the
same magnification: an ASTM F 75 cast alloy,
two wrought high-carbon alloys, a forged

F|g 25 SEMmicrographs in the backscattered electron mode showing the varied microstructures of five different types

of cobalt-chromium-molybdenum alloys at a magnification of 1000x. The samples were polished to a
0.05 um (0.002 mils) finish and electrolytically etched in 2% HCl at 3.5 V for 6 s. (a) ASTM F 75 cast alloy. (b) Wrought
high-carbon alloy. (c) Wrought high-carbon alloy in the aged condition. (d) Forged high-carbon alloy. (e) Forged low-
carbon alloy. See text for further microstructural details. Source: Ref 142
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high-carbon alloy, and a forged low-carbon
alloy. The wrought high-carbon and forged high-
carbon alloys have a carbon content of
0.24 wt%; the cast alloy has a carbon content of
0.22 wt%; and the forged low-carbon alloy has a
carbon content of 0.05 wt%. Figures 25(b) and
(c) show the wrought alloys exhibit much
smaller grain sizes (about 2 to 8 um, or 0.08
to 0.3 mils) than the cast alloy (previously
described in the section “Cobalt-Chromium
Alloys”) and are covered by small (2 to 5 um, or
0.08 to 0.2 mils), mostly spheroidized carbides.
The wrought alloys were produced by hot-
isostatic pressing powder particles and then hot
rolling into a finished product. Generally, this
forming operation results in a structure that has
fewer voids (low porosity), greater ductility,
and finer grains of greater uniformity than the
original cast structure (Ref 159). The alloy in
Fig. 25(c) was also aged at 730 °C (1350 °F) for
15 h. The aging of the wrought high-carbon alloy
resulted in small equiaxed grains and seemed to
cause the agglomeration of some of the carbides
and the formation of much smaller intergranular
precipitates. It is known that the aging of
cobalt-chromium-molybdenum alloys produces
carbide precipitation along slip lines, twin
boundaries, and stacking faults upon quenching,
further increasing the hardness of the alloy
(Ref 160).

The single-blow forged and water-quenched,
high-carbon alloy shown in Figure 25(d) also
exhibits much finer grains (2 to 20 um, or 0.08 to
0.8 mils, in size) than the cast alloy. It is covered
with carbides of a semirounded morphology
ranging from about 1 to 4 um (0.04 to 0.2 mils)
in size (the majority of which are located in grain
boundaries) and small intergranular precipitates.
In contrast, the single-blow forged and water-
quenched, low-carbon alloy shown in Fig. 25(e)
exhibits a highly deformed and twinned struc-
ture that contains relatively few dispersed car-
bides, which are less than 1 pm (0.04 mils) in
size.

Modified cobalt-chromium alloys containing
higher nickel contents are also used for dental
implants. One wrought alloy included in this
category is MP35N (35Co0-35Ni-20Cr-10Mo).
Microstructurally, the alloy takes the character
of cobalt-chromium alloys. However, no car-
bides are formed because carbon has not been
added to the alloy.

Porous Surfaces. Alloy powders of the same
composition as the implants have been sintered
onto the surfaces of the implants for generating
bone ingrowth to obtain better retention between
the implant and the bone.

Tarnish and Corrosion under Simulated
or Accelerated Conditions

Low-Copper Amalgams. The SngHg (y,)
phase shown in Fig. 20 is electrochemically the
most active phase in conventional amalgam.
Upon exposure to an electrolyte, the tin oxide
(SnO)/tin couple becomes operative. The formed
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SnO may or may not protect the y, phase from
further corrosion. Depending on environmental
conditions, the tin from the y, phase will either
be protected by a film of SnO or consumed by
additional corrosion reactions.

In the case of an artificial saliva, the 7y,-tin
becomes protected. This is shown in Fig. 26
on the anodic polarization curve as the current
peak at about —0.7 V versus SCE, which relates
in potential to the SnO/Sn couple. With in-
creasing potential, the film protects the amalgam,
as shown by the presence of a limiting or passi-
vating current. The film will remain passivating
until the potential of another redox reaction is
reached that is controlling and nonpassivating.
For instance, in a CI solution, this is the situation
that occurs when the corrosion potential for the
amalgam approaches and surpasses the redox
potential for a reaction that produces
SnOCl-H,0.

If this condition is satisfied, the SnO passi-
vating film is no longer thermodynamically
favorable; therefore, it begins to break down and
dissociate, exposing freely corroding y,-tin to
the electrolyte. Likewise, nonprotective products
of the form SnOHCI-H,O precipitate. This is
represented on the polarization curve in Fig. 26
as the sharp increase in current at about —0.1 V
versus SCE. As a result of the interconnection
of the vy, phase, the interior y, can also become
corroded. Figure 27 shows the devastating effect
that corrosion of the y, phase has on the micro-
structure of a conventional amalgam, while
Fig. 28 shows typical tin-containing products
that precipitate on the surface.

High-Copper Amalgams. Corrosion — of
high-copper amalgams by v,-phase corrosion
will not occur because of its almost complete
absence from the microstructure. Although
possessing better corrosion resistance than the
v>-phase, the CugSns (1) phase will be the least-
resistant phase in the microstructure (Fig. 21,
22). Upon exposure to solution, any corrodible
tin within the material first forms a protective
SnO film indicated on the anodic polarization
curve in Fig. 26 as the small current peak at
about —0.7 V. Upon attaining a steady-state
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F|g 26 Anodic polarization at 0.03 V/min of both
low (Microalloy) and high (Sybraloy) copper
amalgams in artificial saliva. Source: Ref 74
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corrosion potential in chloride solution, high-
copper amalgam is likely to surpass redox
potentials for couples of CuCl,/Cu, Cu(OH),,
Cu,O/Cu, and CuCl,-3Cu(OH),/Cu. Under
these conditions, both soluble and insoluble
corrosion products will form. This is indicated
on the polarization curve as a small anodic
current peak at about —0.25 V.

Microstructurally, if the copper from the '
phase becomes exhausted by corrosion, copper
corrosion from the silver-copper and vy particles
may also follow. Freed by copper corrosion, tin
also becomes corroded. Corrosion of the y;-tin
decreases the stability of the m; phase, which
is likely to be transformed into the (3; phase.
Unlike low-copper amalgam, the interior of
high-copper amalgam, which demonstrates a
lack of interconnection between any of the
phases, is not likely to become affected by
corrosion. Figure 29 shows a corroded high-
copper dispersed-phase amalgam, emphasizing
the reaction zones of the )’ phase, the interior of
the silver-copper particles, the y particles, and
the matrix.

F|g 27 SEM micrograph of corroded (10 pA/cm?)

low-copper amalgam (New True Dentalloy)
in 0.2% NaCl after removal of corrosion products by
ultrasonics. A, alloy particles; B, matrix; C, regions formerly
occupied by vy, phase

F|g 28 SEM micrograph of low-copper amalgam
(New True Dentalloy) after immersion in arti-
ficial saliva. The clumps of corrosion products contain tin.
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Tarnish of Gold Alloys. Because tarnish
is by definition the surface discoloration of a
metallic material by the formation of a thin
film or corrosion product, the quantification of
dental alloy tarnish by assessing color changes
on surfaces is most appropriate. By determining
the color of an alloy before and after exposure
to a test solution, the degree of discoloration can
be obtained by quantitative colorimetry tech-
niques, which are described in Ref 161 to 167.
The use of quantitative colorimetry in conjunc-
tion with SIMS for determining the effects of
alloy nobility (in at.%) and sulfide concentration
on color changes in gold crown and bridge alloys
is detailed in Ref 168.

Effect of Microstructure on Tarnishing
Behavior. The devastating effect of micro-
galvanic coupling on tarnishing behavior is
shown by a comparison of solid-solution an-
nealed (750 °C, or 1380 °F) and as-cast struc-
tures (Fig. 30). The as-cast alloys, composed of
two-phase structures, consistently showed
greater color change or tarnish (Ref 164).

Single-phase, as-cast  gold-silver-copper
alloys with gold contents between 50 and
84 wt% were observed microstructurally to
tarnish in Na,S solutions by localized micro-
galvanic cells. The characteristics of the var-
ious tarnished surfaces included a uniformly
speckled appearance, dendritic attack, matrix
attack, grain-boundary dependent attack, and
grain-boundary attack. Silver-rich areas dis-
colored preferentially because of the operation
of the silver-rich areas as anodes and the sur-
rounding copper-rich areas as cathodes. The
uniformly speckled appearance occurred with
high-silver, low-copper contents, while the grain
orientation dependent appearance occurred with
low-silver, high-copper contents. The dendritic
and matrix attack occurred with alloys contain-
ing intermediate silver and copper contents
(Ref 103).

For gold-silver-copper-palladium alloys with
gold contents between 35 and 73 wt%, the tar-
nishability in oxygenated 2% Na,S has been
shown to be affected by altering the micro-

10 um

F|g 29 SEM micrograph of corroded (5 pA/cm*/d)

high-copper amalgam (cluster) in 0.2% NaCl
solution. Note the definition of the y’ rings (A), Ag-Cu
particles (B), matrix (C), and n/ particles (D).
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structure through heat treatment. Tarnishing
occurred on multiphase structures annealed at
500 °C (930 °F) but did not occur on single-
phase structures annealed at 700 °C (1290 °F).
Silver-, copper-, and palladium-rich phases were
precipitated. Some alloys, though, showed only
silver- and copper-rich phases. In these cases, the
palladium tended to follow the copper-rich
phase. Splitting of the matrix into thin lamellae
of alternating silver and copper enrichments
also occurred. The silver-rich phases in all
materials were attacked by the sulfide and were
responsible for the tarnish. Age hardening
by AuCu(I)-ordered precipitates increased the
tendency of the silver-rich lamellae to tarnish
(Ref 169).

In sulfide solutions, silver sulfide (Ag,S) is the
principle product of tarnish, although copper
sulfides (Cu,S and CuS) also form. These pro-
ducts are produced by the operation of micro-
galvanic cells set up between silver-rich and
copper-rich lamellae. The addition of palladium
to gold-silver-copper alloys considerably re-
duces the rate of tarnishing by slowing down the
formation of a layer of silver and copper sulfides
on the surface. This has been shown to be due
to the enrichment of palladium and gold on the
surface of the alloy when exposed to the atmo-
sphere prior to sulfide exposure (Ref 170). The
rate of diffusion from the bulk to the surface
is hindered by the palladium enrichment. The
active sites on the alloy surface for the sulfidation
reaction are selectively blocked by the palladium
atoms (Ref 170).

Effect of the Silver/Copper Ratio. The
silver/copper ratio is an important aspect
affecting the tarnish and corrosion resistance
of gold dental alloys. A comparison was made
of three gold alloys, with similar noble metal

20

Alloy

F|g 30 Color change vector AE* for three low-gold

alloys (I, Miracast; I, Sunrise; llI, Tiffany) in
both the as-cast (left bar for each alloy) and solutionized
at 750 °C (1380 °F) (right bar for each alloy) conditions
after exposure for 3 days to artificial saliva (A) or 0.5% Na,$S
solution (B). Source: Ref 164

contents, but different Ag/Cu ratios (based
on wt%) of 41/7.4, 10.3/37.9, and 9.8/37.7
(Ref 169). Polarization tests of the three alloys
in a sulfide solution showed that the alloy with
a Ag/Cu ratio of 41/7.4 exhibited increases
in current density up to 10 pA/cm?® at —0.3 V,
while the other two alloys exhibited current
densities of ~1 pA/cm? extending to positive
potentials. Therefore, high silver contents rela-
tive to low copper contents in low-gold alloys
can have detrimental effects on tarnishing
and corrosion. For some low-gold alloys, the best
resistance to tarnishing has been obtained by
using Ag/Co ratios between 1.2 and 1.4 and a
palladium content of 9 wt%.

Effect of the Palladium/Gold Ratio. In-
creasing the palladium content in gold alloys
increases the tarnish resistance. However, in
gold-silver-copper-palladium alloys, this effect
is greater. The palladium/gold ratio is just
as important as the silver/copper ratio. In gold-
silver-copper alloys without palladium, the
degree of tarnish (subjective test: 0 = least and
8 = most) was evaluated to be between 6.5
and 8 for all silver/copper ratios (1:3,1:2,2:3,
1:1, 3:2, 2:1, 3:1) (Ref 108). However, in
alloys having palladium/gold ratios of 1:12,
the degree of tarnish diminished to between 2
and 3.

Tarnishing and Corrosion Compared.
Figure 31 shows reflection loss versus nobility
and weight loss versus nobility for 15 gold
alloys. Tarnishing was by immersion for 3 days
in 0.1 M Na,S, while corrosion was by immer-
sion for seven days in aerated 0.1 M lactic acid
plus 0.1 M NaCl at 37 °C. As is evident, a
number of alloys that appear not to have been
affected by corrosion are, however, largely
affected by tarnishing (Ref 171).

Corrosion of Gold Alloys. Electrochemical
polarization has been applied to the corrosion
evaluation of gold dental alloys. Very small
current peaks on the anodic polarization curves
for some gold alloys in artificial saliva have
been detected and interpreted to be due to the
dissolution of alloying components (Ref 172).

A comparison of the anodic polarization
of noble alloys in artificial saliva with and
without sulfide indicated that without sulfide the
electrochemistry is governed mainly by chloride
ions. The alloys passivate in a state with very
low current densities, which makes detection
of differences among the alloys difficult. With
sulfide added to the artificial saliva, a preferential
sulfidation of the less noble alloy component
is induced. The sulfidation is characterized by a
critical potential and limiting current density,
both of which may be dependent on composition
(Ref 173).

The corrosion susceptibilities for silver and
copper in various gold alloys were quantified by
an analysis of both forward and reverse polar-
ization scans (Ref 174). Both silver and copper
demonstrated characteristic current peaks. The
heights of the current peaks were taken to be a
measure of the amount of corrodible silver and
copper in the alloys. In a similar technique, the
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integrated current from the polarization curves
within a potential range of —0.3 V to+0.3 V
versus SCE was taken to be a measure for the
corrodible species (Ref 175). Figure 32 shows
a plot of the nobility of eight as-cast gold alloys
versus their integrated anodic currents.

Silver-Palladium Alloys. Silver is prone to
tarnishing by sulfur and is prone to corrosion
by chloride. The addition of palladium to silver
generates alloys with much better resistance to
tarnishing and silver corrosion. In 1/7 diluted
Ringer’s solution and 0.1% NaCl, alloys with
more than 40% Pd showed passive anodic
polarization behavior (Ref 176). In sulfur-satu-
rated air, the amount of sulfur deposited onto the
surfaces of silver-palladium alloys was minimal
for compositions with >40 wt% Pd (Ref 173).
In artificial saliva, two transitions in the corro-
sion currents occurred with palladium content.
The first occurred at about 22% Pd, where the
current decreased from 6 to 1 uA. The second
transition occurred at about 29% Pd, where the
current decreased to about 0.4 pA and then
remained fairly constant throughout the rest of
the compositional range (Ref 177). Figure 33
shows the color range vectors for the pure
metals and alloys from the Ag-Pd system after
tarnishing in artificial saliva with 0.5% Na,S.
The compositions 50Pd-50Ag and 75Pd-25Ag
showed the best tarnish resistance (Ref 178).

Corrosion behavior and tarnishing behavior
usually must be viewed independently. That is,
corrosion is not an indicator for tarnishing, and
vice versa. Alloy nobility dominates corrosion
behavior, while alloy nobility, composition, and
microstructure (in conjunction with environ-
ment) influence tarnishing behavior.
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Microstructurally, the silver-palladium alloys
tarnish by chlorides and/or sulfides becoming
deposited over the silver-rich matrix, while the
palladium-rich precipitates display resistance
to chlorides and sulfides. Furthermore, micro-
structurally, the alloys are generally composed
of a corrosion-resistant copper- and palladium-
rich phase and a nonresistant silver-rich phase.
Increased tarnish and corrosion of this silver-
rich phase component can occur as a result of
microgalvanic coupling (Ref 179). Manipulation
of the microstructural features through heat
treatments can produce structures with varying
proportions of the tarnish-resistant and tarnish-
prone phases. For example, age hardening has
been shown to increase the proportion of the
tarnish- and corrosion-prone phases (Ref 180,
181).

High-Palladium PFM Alloys. Alloys with up
to 80 wt% Pd and additions of copper, gallium,
tin, indium, gold, and others have been shown
to exhibit good saline corrosion resistance in
the potential range and CI' ion concentration
associated with oral use. For example, anodic
polarization tests showed passive behavior until
breakdown occurred, which was at potential
magnitudes well above those occurring intra-
orally (Ref 182).

Nickel-Chromium Alloys. The tarnish re-
sistance and corrosion resistance of these alloys
result from balancing the composition with
regard to the passivating elements chromium,
molybdenum, manganese, and silicon. Alloys
containing increased amounts of molybdenum
and manganese have shown to exhibit in-
creased passivation; however, increasing the
chromium content too much (more than 20%)
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Fig 31 Effect of nobility (in atomic percent) on tarnish (percent loss in reflection after 3 days in 0.1% Na,$)
and corrosion (weight loss after 7 days in aerated 0.1 M lactic acid plus 0.1 M NaCl at 37 °C, or 99 °F) of

15 gold alloys. Source: Ref 171
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can precipitate an additional phase and alter
the corrosion resistance. By using polarization
methods, three different behaviors were ob-
served with 12 nickel-chromium alloys with
varying compositions in deaerated and aerated
artificial saliva (Ref 183). Some alloys were
constantly passive, others were either active/
passive or passive according to the aeration
condition of the electrolyte, and still others
(<16% Cr without molybdenum) were con-
stantly active and corroding.

Corrosion potentials for nickel-chromium
alloys in artificial saliva were low, ranging
between about —0.2 V and —0.8 V versus SCE.
Breakdown potentials varied, depending on
composition. For alloys with less than 16% Cr
and no molybdenum, breakdown potentials as
low as —0.2 V occurred. For compositions with
higher chromium contents and with molyb-
denum and various manganese contents, break-
down potentials as high as +0.6 V also occurred.

Pitting attack occurs with these alloys because
they rely on protective surface oxide films for
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F|g_ 32 Integrated anodic currents between —0.3 V

vs. saturated calomel electrode (SCE)
and+0.3 V (at 0.06 V/min) for eight gold alloys in deaer-
ated 1% NaCl plotted against the atomic nobility. Source:
Ref 164
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tions after exposure to Na,S solutions. Source: Ref 178
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imparting protection. From electrochemical
and immersion tests, the resistance of nickel-
chromium alloys to pitting attack was found
to be good in solutions with CI' concentrations
equivalent to that found in saliva. Only at higher
CI' concentrations are pitting and tarnishing
likely to occur (Ref 184).

Cobalt-Chromium Alloys. Compared with
the nickel-chromium alloys, the cobalt-
chromium alloys for partial denture and implant
prosthesis exhibit superior tarnish and corrosion
resistance. Figure 34 shows the polarization
curve for the cast cobalt-chromium-molybde-
num alloy shown in Fig. 25(a). The alloy was
tested at a scan rate of approximately 1.5 mV/s
(1.8 V/h) in aerated physiologic phosphate
buffered saline (PBS) that was heated and held
at a temperature of 37+1 °C (99 +2 °F) with
a pH of 7.4+0.2 (Ref 142, 185). From this
curve, the breakdown potential (£}), protection
potential (E},), zero current potential (E,,), and
passive current density (J,) can be determined.
Table 7 lists the mean values of these parameters
for the five different types of cobalt-chromium-
molybdenum alloys shown in Fig. 25. A one-way
analysis of variance test revealed no statistical
differences between the groups for any of the
parameters listed in Table 7 at the p (probability
of occurence) <0.05 level.

In Fig. 34, the potential at which the up and
down scans intersect is the protection potential,
E,. Below this potential, existing pits will not
grow (Ref 186). The magnitude of the hysterisis
between the up and down scans is E, — E,,, which
is considered to be a measure of the degree of
pitting (Ref 134, 186, 187). Thus, E,—Ej, is used
to characterize the susceptibility of an alloy to
pitting or crevice corrosion. Consequently, from
Table 7, it can be seen that the different cobalt-

0.6 ® Up scan
o Down scan
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chromium-molybdenum alloys did not show a
significant difference in their susceptibility to
pitting or crevice corrosion.

Table 7 also lists the results of impedance
spectroscopy tests performed on the five differ-
ent types of cobalt-chromium-molybdenum
alloys shown in Fig. 25 (Ref 142, 185). The
test solution and conditions were the same as
for the polarization tests described previously.
Impedance spectrums were collected every
50 mV, starting at —1000 mV, up to +700 mV,
and back down to —1000 mV versus. Ag/AgCl,
for a total of 68 impedance spectrums. The
average maximum early resistance (R.) and
polarization resistance (R,,) values for each alloy
group are displayed in Table 7, along with the
average minimum capacitance (C) values (note
that analysis of the impedance values indicated
that the R, values were controlled by the rate
of the corrosion process, as opposed to being
controlled by charge transfer resistance, and the
R, values were a combination of the solution
resistance and the oxide film resistance). One-
way analysis of variance tests were performed
on the impedance values in Table 7 and the
results did not indicate any significant differ-
ences between the alloy groups for any of the
parameters at the p <0.05 level. Thus, the similar
passive electrochemical behavior of the five
different cobalt-chromium-molybdenum alloy
groups, as shown by the results of the impedance
and polarization tests in Table 7, suggests
that the oxide films covering them were not
significantly altered by changes in carbon con-
tent and processing.

However, studies have shown that carbide
content and grain size are both factors that
may affect the corrosion resistance of cobalt-
chromium-molybdenum alloys. For instance,
Placko et al. investigated cobalt-chromium-
molybdenum alloy porous coatings with four
different microstructures (Ref 188). They ob-
served that, for accelerated anodic corrosion
experiments, an increase in carbide content
correlated with an increase in severity of the

preferential attack of the areas surrounding car-
bides, which was most likely attributable to the
phenomenon of sensitization (a depletion of the
chromium in the material matrix surrounding
carbides). Furthermore, it was also noted that as
grain size decreased for the microstructures,
localized attack of the grain boundaries
increased.

On the other hand, research by Devine and
Wulff found that the crevice corrosion resis-
tance for cast cobalt-chromium-molybdenum
alloy was not as great as for the wrought
material (Ref 189). They ascribed this finding
to the greater chemical homogeneity of the
wrought cobalt-chromium-molybdenum alloy,
as determined by electron microprobe measure-
ments. Also, optical micrographs comparing
the cast with the wrought material showed
the wrought material to possess a finer grain size
and a more uniform and finer distribution of
carbides.

In spite of the excellent corrosion resistance
of cobalt-chromium alloys, allergic reactions
to cobalt, chromium, and nickel contained in
appliances made from these alloys are known to
have occurred (see the section “Allergic Hyper-
sensitive Reactions” in this article).

Titanium Alloys. The anodic polarization for
pure titanium and its alloys indicates passivities
over at least several volts in overvoltage (Ref 77,
190). This demonstrates the tenacity and pro-
tectiveness of the titanium oxide films formed
on these materials.

With regard to the casting titanium alloys
for crown and bridgework and partial dentures,
good corrosion resistance is still preserved
(Ref 191). However, a point of concern is the
higher percentages of alloying elements in the
titanium casting alloys, with the potential for
elucidating diminished chemical stabilities.

Wrought Orthodontic Wires. A compar-
ison of their anodic polarization curves
(Fig. 35) shows that both [-titanium and
cobalt-chromium-nickel (Elgiloy) exhibit resis-
tance to corrosion in artificial saliva, within the

o
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Z Table 7 Polarization and impedance data for five different cobalt-chromium-molybdenum
= alloys shown in Fig. 25 and described in the section “Cost, wrought, and Forged Cobalt-
€ Chromium Alloys”
E Alloy
Property Cast WHC WHCA FHC FLC
Polarization data(a)(b)
Ey, mV 497 (2.9) 505 (8.7) 502 (7.6) 497 (6.4) 507 (6.4)
Ep, mV 354 (10.8) 356 (12.8) 359 (16.2) 355 (10.8) 346 (18.3)
. . Ey-Ep, mV 143 (9.0) 149 (5.3) 142 (22.5) 142 (13.8) 161 (21.8)
10 102 103 E,ep, mV —366 (29.3) —341 (12-5) —313 (32.7) —357 (80.4) —400 (51.5)
2
Current density, yA/Gm? Ty, WA/cm 2.03 (0.45) 2.13(0.31) 1.80 (0.10) 2.40 (0.40) 2.07 (0.58)
. o ) Impedance data(a)
Fig. 34 Polarization curve for cast cobalt-chromium-  Minimum C, uF/em 6.63 (2.50) 3.64 (0.33) 4.15 (1.83) 475 (1.71) 2.45 (0.35)
molybdenum alloy shown in Fig. 25(a). The  Maximum R,, Q - cm? 231 (21) 273 (39) 243 (31) 272 (30) 324 (55)
alloy was tested at a scan rate of about 1.5 mV/s (1.8 V/h)  Maximum R, kQ - cm? 6.47 (0.89) 7.24 (0.82) 7.59 (0.94) 7.99 (0.38) 8.27(0.38)

in aerated physiologic phosphate buffered saline (PBS)
that was heated and held at a temperature of 37+1 °C
(9942 °F)withapH of 7.4 +0.2. The sample was scanned
from —1000 to+ 700 mV vs. Ag/AgCl and back down to
—1000 mV vs. Ag/AgCl. Source: Ref 142

(a) The data are the mean for N = 3 number of samples with the standard deviation in parenthesis. (b) The potentials, E, are relative to the Ag/AgCl
reference electrode. Key to abbreviations: WHC, wrought high carbon; WHCA, wrought high carbon+ aged; FHC, forged high carbon; FLC, forged high
carbon; Ey, breakdown potential; E,,, protection potential; E,., zero current potential; J,, passive current density; C, capacitance; R.., early resistance; R,,,
polarization resistance. Source: Ref 142
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potential ranges employed (+0.8 V vs. SCE) in
the study. With the nickel-titanium and stainless
steel wires, breakdown occurred at +0.2 and
0.05 V versus SCE, respectively. The nickel-
titanium and stainless steel wires also exhibited
current increases upon potential reversals
at+ 0.8 V versus SCE, an indication of their
susceptibility to pitting corrosion. Breakdown
potentials differed by as much as 0.6 V between
different brands of stainless steel wires. Varia-
tions in the polarization characteristics of stain-
less steel have been related to microstructure
(Ref 77) and to surface preparation and finish
(Ref 78). It has been shown that the resistance to
pitting is decreased with increasing cold defor-
mation for stainless steel in a NaCl solution; the
pitting potential decreased by over 300 mV as
the degree of cold deformation increased from 0
to 50% (Ref 193). Microstructurally, nickel-
titanium wires have been observed to suffer
pitting attack and selective dissolution of nickel
after polarization tests (Ref 193). Furthermore,
it has been shown that the dissolution of nickel
can take place at sites of surface damage on
nickel-titanium wires, which can be a concern
to nickel-sensitive patients (Ref 154).
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Fig. 35 Anodic polarization at 0.03 V/min of four
orthodontic wires in artificial saliva. Source:
Ref 192
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30 um

F|g 36 SEM micrograph of a corroded stainless steel-
silver soldered joint after immersion in a 1%
H,O, solution. Source: Ref 194
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Silver and Gold Solders. A corroded stain-
less steel-silver soldered joint is shown in
Fig. 36. Microstructurally, silver solders are
composed of two phases: silver- and copper-zinc
rich segregations (Ref 194). The copper-zinc
regions are the least resistant to corrosion. These
solders corrode by microgalvanic coupling,
either by cells set up between the two micro-
structural phases, or between the solder and
the parts they join. Figure 37 shows the copper-
zinc phase of a silver solder attacked by
corrosion.

Figure 38 shows the polarization curves for
both silver and gold (450 fine) solders in
0.16 M NaCl. The silver solder demonstrates
active behavior. Zinc, tin, copper, and even
silver products can be precipitated or become
dissolved in solution. The polarization curve
for gold solder indicates activity by the sharp
current density peak at +0.25 V versus SCE.
Because the solder contains silver, copper, and
zinc, in addition to gold, this peak is probably
due to the corrosion of one of these elements.
Figure 39 shows the gold solder after the
polarization test. Corrosion has delineated
the basic microstructure of the solder alloy.

5um

Flg 37 SEM micrograph of a corroded silver solder in

1% NaCl (held at —0.05 V vs. SCE) showing
the destruction of the copper-zinc-rich phase (A) and the
accumulation of products (B) that contain copper, zinc, and
chlorine. Source: Ref 194
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F|g 38 Anodic polarization at 0.03 V/min of silver
and gold (450 fine) solders in 1% NaCl solu-
tion. Source: Ref 194
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Chlorine was detected with the white appearing
phase.

Silver-Indium Alloys. These alloys rely
on the unusual properties of indium oxide for
providing tarnish and corrosion control. Small
amounts of noble metals, such as palladium,
may also be added in an attempt to improve
corrosion resistance. Anodic polarization of a
silver-indium alloy in artificial saliva indicated
only a very narrow potential range of about
0.1 V of reduced current densities. The tarnish
resistance of these alloys appears to be accept-
able, but the long-term corrosion resistance has
yet to be established (Ref 195).

Copper-Aluminum Alloys. A comparison of
the released copper in human saliva from a dental
copper-aluminum alloy to that from a high-
copper amalgam is shown in Fig. 40. The amal-
gam released more copper over a 45 day interval.
No aluminum, iron, manganese, or nickel was
detected. Figures 41(a) to (c¢) show micro-
graphs from an in vivo restoration of various
magnifications. Large amounts of organic matter
were adsorbed onto the surface, as well as
light powdery corrosion products composed of
copper oxides.

F|g 39 SEM micrograph of a corroded (polarized
to+0.5 V vs. SCE) gold solder (450 solder) in
1% NaCl. The light areas contain chlorine. Source: Ref 194

1.0 W

NE 08
§ ,\ Cupralloy amalgam
S 0614 \

A
S: \‘\ Copper-aluminum 7\
g 04 TN A )
S \ / \ s
o 02 \ ‘ f

20 ":\'.S.f ooy )\M

0 5 10 15 20 25 30 35 40 45
Time, days
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Fig. 40

(MS) and a high-copper amalgam (Cupralloy) plotted
against time for up to 45 days. Source: Ref 75
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F|g 41 SEM micrographs of the copper-aluminum restoration shown in Fig. 18 at higher magnifications. In (a), both accumulated plaque (A) and corrosion products (B) occur. (b)
Higher-magnification view of the areas identified by (B) contain copper. The light-appearing areas are probably copper oxides. (c) Still higher magnification of the products
shown in (b). Here the copper oxides are deposited over the dark copper-rich microstructural phase. Source: Ref 75
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