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with light, continuous forces.! Such forces

may reduce the potential for patient discom-
fort, tissue hyalinization, and undermining re-
sorption. When force is applied, the archwire
should behave elastically over a period of
weeks to months. To accomplish this objective,
four archwire alloys are now available:*? stain-
less steel, cobalt-chromium, nickel-titanium,
and beta-titanium. Among the nickel-titanium
alloys, three subdivisions exist: conventional
alloy and two superelastic alloys—a
pseudoelastic and a thermoelastic alloy. Each
alloy system and subdivision have unique
properties and characteristics. When archwires
are used to treat patients, their elastic property
ratios indicate that each alloy excels at a par-
ticular juncture—whether it be in the initial, in-
termediate, or final stages of treatment. In fact,
no one wire is best for all stages, and no

Ideally, archwires are designed to move teeth

archwire is ideal. Nonetheless, several proper-
ties and characteristics should be considered
in the search for the ideal archwire. Among
them are esthetics, biohostability, friction, form-
ability, weldability, resilience, and springback.
Unidirectional fiber-reinforced polymeric com-
posites will provide an esthetic solution for
archwires in the near future. The properties
and characteristics of these different archwires
are the subject of this review. Because some
readers may be unfamiliar with a few of the
terms used on the following pages, a glossary
is provided at the end of the article. Terms in-
cluded in the glossary are italicized the first
time they appear in the text.

Stainless steel alloys

With the advent of stainless steels in World
War I and the refinement of drawing processes
to form wires in the late 1930s, gold archwires
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The materials used by orthodontists have changed rapidly in recent years and will continue to do so in the future. As
esthetic composite archwires are introduced, metallic archwires will likely be replaced for most orthodontic applications
in the same way that metals have been replaced by composites in the aerospace industry. Archwires are reviewed in
the order of their development, with emphasis on specific properties and characteristics, such as strength, stiffness,
range, formability, and weldability. Because an ideal material has not yet been found, archwires should be selected within
the context of their intended use during treatment.
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Figure 1

Two grains of stainless
steel and the deleteri-
ous clinical conse-
quences that occur
when chromium car-
bides are formed
nearby. When improp-
erly cooled, the chro-
mium diffuses toward
the carbon-rich areas,
which are often in the
grain boundaries. If the
chromium content is
measuredalongtheline,
A-B-C-D, the depletion
of chromium below the
prerequisite amount of
about 11% can be seen
contiguous to the chro-
mium-rich carbides
within the grain bound-
aries. As a result, stain-
less steel corrodes in
the chromium depleted
areas via the process
called sensitization.
(Adapted, in part, from
ref. 8.)

Figure 2

influence of heat treat-
ment on the ultimate
strength(proportionalto
the maximum force at
“X”), theresilience(pro-
portional to the area un-
der the initial linear por-
tion of the force-dis-
placement curve), and
the formability (dis-
placementin the plastic
area just prior to failure
at “X”) of four cobalt-
chromiumalloys (clock-
wisefromtop left):'” soft
(“blue”), ductile (“yel-
low”), semi-resilient
(“green”), and resilient-
high spring temper
(“red”). (To convert kg
to N, multiply by 9.8.)
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gradually lost favor to the smaller cross-sec-
tional areas that stainless steel archwires could
provide. By the 1950s the type 300 series of
stainless steel alloys were used for most orth-
odontic materials. These typically contained 17
to 25% chromium and 8 to 25% nickel, with the
balance being iron.* When at least 10 to 13%
chromium was present in the alloy, a coherent
oxide layer formed that passivated the surface,
thereby rendering the alloy “stainless.”®> When
at least 8% nickel was present, the single phase
structure of austenite was stabilized, and the
overall corrosion resistance was enhanced.$
Carbon content was purposely maintained be-
low 0.20%7 to reduce the formation of chro-
mium carbides (Figure 1), structures that can
ultimately foster the corrosion of austenitic
steels. Stainless steels were strong, typically
about five times stronger than structural gird-
ers,” and their stiffnesses were 93 to 100% that
of conventional carbon steels.” These stainless
steels were also sensitive to the products of in-
complete combustion, such as those found in
a sooty flame, and could not be cooled slowly
through the temperature regime of 425 to §15°C
or else sensitization to corrosion could occur.™
(To convert °C to °F, multiply by 1.8 and add
32.) As the '50s came to a close, Rocky Moun-
tain Orthodontics was offering two tempers of
cold-worked stainless steels: a standard and an
extra hard grade. Today, American Orthodon-
tics advertises three grades of stainless steel
wire: a Standard™, a Gold Tone™, and a Su-
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per Gold Tone™." Gtainless steel, however, was
not destined to enjoy the predominance in the
marketplace that gold had enjoyed for so many
years before.

Cobalt-chromium alloys

Also in the 1950s, the Elgin Watch Company
was developing a complex alloy whose pri-
mary ingredients were cobalt (40%), chromium
(20%), iron (16%), and nickel (15%).”® This co-
balt-chromium alloy was marketed as Elgiloy™
by Rocky Mountain Orthodontics. In addition
to having similar stiffness characteristics as
stainless steel, the alloy was capable of hav-
ing its strength, and more importantly its form-
ability, modified by heat treatment.* At that time
practitioners particularly welcomed the form-
ability before heat treatment in order to bend
loops into wires and to enhance the working
ranges of their otherwise somewhat rigid appli-
ances. Once the appliance was fabricated,
however, the practitioner no longer required the
formability. Instead, he or she desired resilience
in order to capitalize on the inherent elasticity
of the material, which could be achieved by
heat-treating the alloy at 482°C for 7 to 12 min-
utes.® This so-called precipitation hardening heat
treatment’® increased the ultimate strength and
resilience of these archwires without changing
the stiffness (Figure 2). Indeed, four such prod-
ucts were eventually marketed that varied in
initial formability from a hard and resilient-
high spring temper alloy, designated “red,” to



a soft and formable alloy, designated “blue.”
Two of these, the blue alloy and a slightly less
formable but nonetheless ductile “yellow” al-
loy, were developed between 1958 and 1961 in
order to match, in their heat-treated states, the
temper of the standard and extra-hard stain-
less steels of the day.” At that time in the evo-
lution of materials, wire size and shape
generally dominated over structural properties,
owing largely to the fact that the stiffnesses of
all materials were virtually identical.

Nickel-titanium alloys
Conventional nitinol

In the late “60s, the Office of the Navy was ac-
tively studying new types of alloys that exhib-
ited a shape memory effect (SME).” One of these,
a nickel-titanium alloy, showed great promise
and was dubbed nitinol, an acronym for
nickel-titanium Naval Ordnance Laboratory.
This alloy was capable of being deformed,
clamped, heated, and cooled into a specified
shape, so that when it was later deformed into
a new shape and subsequently heated, the ma-
terial would remember its previous post-heat
treatment shape.”* Around 1970, Dr. George
Andreasen recognized the potential of this al-
loy.? Largely through his efforts and those of
the Unitek Company, the first nitinol alloy was
marketed to orthodontists as Nitinol™. Ironi-
cally, this first 50:50 composition of nickel and
titanium was a shape memory alloy in compo-
sition only (Figure 3). Indeed, this alloy was
passive, as the SME had been suppressed by
cold working the wire during drawing to more
than 8 to 10%.?* What was so attractive about
this martensitic stabilized alloy was its low
force per unit of deactivation—that is, its low
stiffness. Compared with the competition of the
day, this wire was quite springy—delivering
only one-fifth to one-sixth the force per unit of
deactivation® and thereby better meeting the
criterion of light, continuous force. And, like all
of its wire predecessors, its stiffness was lin-
ear like a spring, resulting in an equal loss of
force for a fixed increment of deactivation.®
When this stiffness was combined with its out-
standing range and high springback, one might
presume that this wire was the ideal. It didn’t
take long, however, before its lack of formabil-
ity was recognized as a limitation, especially
when wires broke. The lack of formability
largely remains today, but the initial brittleness
that plagued the early nitinol product has long
since been rectified.

Review of contemporary archwires

Composition (at% Ti)
30 40 50 60 70
1400 ] 1 1 1 1
L
- 2400
1300
o ™
~ - L
o 12004 B*L 2200 s
E 5
: L -
g g
% 1100 Lawy - 2000 £
= s
By
1 -
000 L 1800
900 T T ,
30 40 50
Composition (wt% Ti)
Figure 3

Pseudoelastic nitinol

In addition to this martensitic stabilized al-
loy, two other generic nitinol-type alloys are
available today that are active, that is, they un-
dergo some form of SME” and are superelastic:
an austenitic active alloy and a martensitic ac-
tive alloy. In the austenitic active alloy, both the
martensitic and austenitic phases play an im-
portant role during its mechanical deforma-
tion. Martensite represents the low stiffness
phase having an elastic modulus of 31 to 35
GPa” (to convert GPa to Pa, multiply by 10% to
convert Pa to psi, divide by 6.9 x 10% and an
ultimate strength of about 1.4 to 1.7 GPa;®»%
austenite represents the high stiffness phase
having an elastic modulus of 84 to 98 GPa®
and an ultimate strength of about 0.84 GPa.*
(To place these values in perspective, the elas-
tic modulus [200 GPa] and ultimate strength
[2.1 GPa] of stainless steel archwires should be
compared.”) Thus on loading, the austenitic
active alloy starts with a slope (stiffness) that
produces some three times the force per acti-
vation of the conventional martensitic stabi-
lized nitinol alloy* (Figure 4). Fortunately this
effect is short-lived and gives way to a long
plateau-like area. At first glance one would sus-
pect that the mechanical properties are dismal;
but perseverance prevails, as eventually a posi-
tive slope reoccurs wherein the stiffness is com-
parable to that of martensitic nitinol. In fact, a
stress-induced phase transformation® has oc-
curred in which the austenitic phase of this
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Figure 3

Simplified phase dia-
gram of nickel-titanium
alloys highlighting the
nonstoichiometric
compound, y or NixTiy
(shaded area), wherein
the shape memory al-
loys may be found. The
figure also illustrates
the sensitivity of the
phase transformation
with composition;
namely, that a 3%
change in composition
from Ato B canchange
the transformation
temperature of this in-
termetallic phase by
200 Celsius degrees.
(Adapted, in part, from
ref. 23.)
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Figure 4 nitinol wire has transformed to the martensi- formation temperature to 27°C. Two other al-
lllustration of pseudo- ;. shase, Upon deactivation the reverse occurs, loys are also available from this family of
elasticity showing high

modulus austenitic re-
gions (A-B and G-H),
phasetransitionregions
from austenite to mar-
tensite (B-C) and from
martensite to austenite
(F-G), and the martensi-
ticregions(C-E)and(C’-
F). Note that the slopes
of the austenitic moduli
onloading (A-B)and un-
loading (G-H) should be
about three times
greater than the slopes
ofthe martensitic moduli
on loading (C-C’) or un-
loading (C’-F). Theselat-
ter two lines have been
slightly offset from one
another for clarity.
(Adapted from ref. 31.)

Figure 5

lllustration of the ther-
mally induced shape
memory effect (SME)
thatis created viaacom-
bination of the pseudo-
elastic effect (A-B at the
temperature, T,)and the
thermoelastic effect (C-
Aatthetemperature, T,).
(Adapted, in part, from
ref. 32).
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as the linear region that is associated with the
martensitic phase of a conventional alloy gives
way to a second plateau region at a lower force.
Here, the martensitic phase is being gradually
transformed to the austenitic phase. When this
stress-induced transformation is complete, the
initial high slope associated with an austen-
itic phase is revisited. Because the springback
is nearly total, this series of clinical events is
elastic despite the fact that the appearance is
quite nonlinear. The second plateau region, in
which martensite reversibly transforms to aus-
tenite and thereby changes shape to maintain
force, represents the key atiribute of this non-
linear but nonetheless elastic alloy and is
called pseudoelasticity.® In clinical terms, a prac-
titioner can now align teeth or close space with
a constant force, providing that he or she has
activated the archwire within the plateau re-
gion. This feature of stress-induced, active aus-
tenitic archwires makes them unique within
the orthodontist’s armamentarium.

Today several alloys are being marketed that
utilize pseudoelasticity. The latest of these,
27°C Superelastic Copper Ni-Ti™, contains al-
loy additions of nominally 5 to 6% copper and
0.2 to 0.5% chromium. According to its manu-
facturer,® this product is an austenitic active
wire whose copper additions increase its
strength and reduce the energy lost as mea-
sured by the area within its first and second
plateau regions (cf Figure 4; A-C" and C’-H).
Unfortunately, these benefits occur at the ex-
pense of increasing its phase transformation
temperature above that of the ambient oral cav-
ity. To compensate for this unwanted effect,
0.5% chromium is added to return the trans-
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nickel-titanium-copper-chromium alloys—one
that has a transformation temperature of 35°C
and another that contains 0.2% chromium and
transforms at 40°C. Because the transformation
temperatures of these latter two wires are
higher than the aforementioned first wire, they
will increasingly be influenced by temperature
as they represent the third type of nitinol al-
loys described below.
Thermoelastic nitinol

The third nitinol-type alloy on the market to-
day is a martensitic active alloy that ultimately
exhibits a thermally induced SME (Figure 5).
This is the long-awaited nitinol alloy that Dr.
Andreasen hoped to someday employ in orth-
odontics.** For many years the alloy compo-
sition simply could not be controlled precisely
enough to make a uniform wire product. Tran-
sition temperatures from martensite to austen-
ite had to occur in the region of ambient oral
temperature, and yet it was known that for ev-
ery 150 parts per million (ppm) variation in
composition, a 1C° change in the transition
temperature occurred® (Figure 3). After a 20-
year hiatus, Miura® showed that surgical cases
could be treated by preparing a series of arches
in which the desired shape was set by heat.
Upon distortion and insertion into the patient’s
mouth, the appliance would be activated by the
warmth of the oral cavity and return to its pre-
determined shape. By capitalizing on thermo-
elasticity,” a series of final arch forms could be
generated, and thereby the practitioner could
maintain control. Using these alloys, major
medical advances have been made in the
People’s Republic of China for the treatment of
scoliosis.”” In this procedure a patient has pre-
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cooled shape memory rods implanted in his or
her back, following which the body heat
warms the rods over a period of a few hours,
and the spine is gradually straightened. In the
next few years orthodontists will hopefully
achieve similar dramatic results by reducing
undesirable effects (such as round-tripping)
and consequently adapt and control shape
memory alloys for the routine treatment of mal-
posed teeth. Today, the thermoelastic effect is
demonstrated in GAC International’s alloy,
Sentalloy™ Light.

Beta-titanium alloys

The last major alloy system to have an impact
on current clinical orthodontics was intro-
duced around 1980. Stabilized beta-phase tita-
nium alloys contain about 80% titanium. In
addition, they include 11.5% molybdenum, 6%
zirconium, and 4.5% tin.*® Historically, pure ti-
tanium has a stiffness (102 GPa) that is about
one-half that of stainless steel;** the stiffness
subsequently varies from 99 to 127 GPa upon
alloying to form the conventional type of alpha-
phase titanium alloys.** For orthodontic use,
one of Dr. Burstone’s primary objectives was
to produce an alloy whose deactivation char-
acteristics were about one-third that of stain-
less steel or twice that of a conventional
martensitic stabilized nitinol.? This led to
Ormco Corporation’s introduction of the low-
stiffness beta-phase titanium-molybdenum al-
loy known as TMA™. Advantages of this alloy

Figure 7

were several. When compared with nitinol,
TMA was inherently smoother" (Figure 6),
could be welded, and had good formability.
Moreover, when compared with stainless
steels, TMA produced gentler linear forces per
unit of deactivation and had substantially more
range and higher springback. Indeed, TMA
was almost the perfect wire, since its charac-
teristics were so balanced. Yet TMA, too, had
a latent flaw—the coefficients of friction were the
worst of any of the orthodontic alloys,* and
consequently its ability to accommodate the
sliding of teeth was limited (Figure 7). Ironi-
cally, the first alloy to be used during this mod-
ern era of orthodontics, stainless steel, remains
the best in this regard.*

Applying archwires

Having summarized the state of the art of
archwires over the last 50 years, let's explore
how they complement and supplement one an-
other in everyday practice by applying the con-
cepts of elastic property ratios.” In this regard,
some reference to the strength, stiffness, and
range would be appropriate as a function of
the different stages of treatment (Figure 8). Dur-
ing the initial stage of treatment, where initial
leveling and alignment are desired, great range
and light forces are sought. By referencing elas-
tic property ratios of strength, stiffness, and
range, two principal types of wires are sug-
gested: either a multistranded stainless steel
wire or a nitinol-type wire. The former capital-
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Figure 6

Optical photomicro-
graphs show the rela-
tive smoothness of the
typical archwires made
from stainless steel
(S.S.), cobalt-chromium
(Co-Cr), beta-titanium
(B-Ti), and nickel-tita-
nium (NiTi). Beta-tita-
nium is inherently
smootherthan nickel-ti-
tanium. Unfortunately,
smoothnessis notasuf-
ficient condition for low
friction (cf Figure 7).

Figure 7

Coefficients of kinetic
friction of thetypical as-
received archwires (as
determined from the
slopes of half the draw-
ing force against the
normal force) coupled
with typical as-received
brackets (clockwise
from top left): stainless
steel (S.5.), zirconia
(Zr0,),* polycrystalline
alumina (PCA),* and
single crystal sapphire
(SCS).** Note that these
B-Ti archwires (- - -)
always displayed the
greatest slopes and
hence the highest coef-
ficients of friction, while
8.S. archwires (—) had
the lowest slopes.
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Figure 8
Requirements of elas-
tic properties (i.e.,
strength, stiffness, and
range) as the stages of
treatment progress.
From the interrelation-
ship between these
three elastic properties
(i.e., strength = stiff-
ness x range)*and the
requirements of the
practice, the corre-
sponding nominal val-
ues are adduced at dif-
ferent stages of treat-
ment.

Figure 9

Criteria of an ideal
archwire. Note that, al-
though estheticsisim-
portant, good perfor-
mance characteristics
viz a viz mechanical
properties are among
the necessary condi-
tions for clinical ac-
ceptability. Being a
poor biohost, having
weldability, and pos-
sessing good bio-
compatibility are the
other necessary con-
ditions.
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izes on conventional variable cross-section
orthodontics, which was tabulated many years
ago in an orthodontic textbook by Dr. Raymond
Thurow.*® The latter makes use of variable
modulus orthodontics?” in which three of the
four principal alloys in use today have differ-
ent stiffnesses for the same shape and size of
archwire. As treatment progresses into the in-
termediate stage, beta-titanium alloys become
advantageous as their formability, springback,
range, and modest forces per unit deactivation
become favorable. Larger sizes of nitinol can
still be useful here, however, if an 0.022 inch
slot is employed. If sliding mechanics are re-
quired, undersized stainless steel wires may be
used. As the orthodontic patient progresses to
the final stage of treatment wherein more arch
stability and small tooth movements are re-
quired, wires having substantial stiffnesses but
limited ranges are acceptable. Consequently,
large gauges of beta-titanium or stainless steel
wires may be used to maintain arch form while
making small rotational, translational, or tip-
ping motions. Exactly which alloy is used here
depends on the details of the case—that is,
whether it is more important to have more range,
as afforded by a beta-titanium wire, or more stiff-
ness, as afforded by a stainless steel wire.

In search of the ideal archwire

From this brief description of contemporary
archwire alloys we see that no ideal archwire
exists. This conclusion is not surprising be-
cause the demands of the treatment plan re-
quire different characteristic stiffnesses and

Vol. 67 No. 3 1997

ranges. Nonetheless, several desirable charac-
teristics would be appropriate to list (Figure 9),
a few -of which will be highlighted. Here, the
outcome will vary. That is, specific wires will
do some things well and others poorly; but no
wire will do it all.

Wires should be esthetic. No wire today meets
this criterion, although manufacturers have
tried. When coated,®® white-colored wires have
routinely succumbed to the forces of mastica-
tion and/ or the enzyme activity of the oral cav-
ity. When uncoated,* transparent wires have
had such poor mechanical properties that they
function merely as a placebo. Although esthet-
ics are important to the orthodontist, function
is paramount. Anything less is unacceptable.

Wires should have poor biohostability. This
characteristic goes beyond biocompatibility—
that is, the achievement of compatibility of non-
living implant materials with the body—in that
good biocompatibility is a prerequisite. As a
poor biohost, however, the ideal archwire
should neither actively nurture nor passively
act as a substrate for micro-organisms that will
smell foul, cause color changes that detract
from esthetics, or remove and/or build up ma-
terial that compromise mechanical proper-
ties. These restrictions apply to spores and
viruses as well.

Wires should possess low coefficients of fric-
tion, independent of whether they are bathed
in saliva® or whether the hydrodynamic
boundary layer between archwire and bracket
has been breached by the dry state.*** In this
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regard, titanium wires are inferior to stainless
steel,” although some progress has been made
to improve the coefficients of friction of beta-
titanium via ion implantation technology.*

Finally, wires should have formability,
weldability, resilience, and springback so that
they may be deformed into loops or bends,
fused onto a clasp, employed to maximize their
stored elastic energy, and ultimately return to
their initial shape.

The future: Esthetic archwires

One promising approach toward achieving
an esthetic archwire with excellent overall
properties involves the use of composites,®
which can be composed of ceramic fibers that
are embedded in a linear or crosslinked poly-
meric matrix. Existing experimental prototypes
are tooth colored, can be as strong as the stron-
gest piano wire, and can vary in stiffness from
that of the most flaccid multi-stranded
archwire, to nearly that of a beta-titanium
archwire®> (Figure 10). These characteristics
can be varied during manufacture without any
change in wire-slot engagement by pultrusion,%
in which the relative proportions of the fiber
and matrix materials are adjusted appropri-
ately and cured by electromagnetic radiation.5*
Mechanical tests show that such archwires are
elastic until failure occurs. When compared
with NiTj, resilience and springback are com-
parable (Figure 11). Moreover, when failure fi-
nally does occur, the wire loses its stiffness, but
it remains intact. Although the specifics of other
characteristics, such as formability, weldability,

Angular Deflection (°)

T

T T v
15 20 25

and frictional coefficients, are unknown at this
time, preliminary experiments suggest that pre-
formed archwires and rectangular cross-sec-
tions should be possible by a process known
as beta-staging® and that low coefficients of fric-
tion and enhanced biocompatibility should be
possible by modifying the surface chemistry of
the polymer.®® Indeed, as composites are dis-
placing metallic alloys as structural compo-
nents in the aerospace industry, the
expectation is that the attractive properties and
characteristics of these esthetic composites will
capture a significant share of the marketplace
within the next decade.
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Figure 10

Present status of
pultruded composite
technology (shaded
bar)®®** compared with
other plastic compos-
ites (open bars)***” and
conventional archwire
products (black bul-
lets).252 All other things
being equal (i.e., arch-
wiresize, shape,engage-
ment, etc.)andindepen-
dent of whether the
archwire is made of
metal, ceramic, or com-
posite, theelastic modu-
lus should be compa-
rable to NiTi in order to
level and align the teeth
duringtheinitial stage of
treatment but need not
exceed S.S. or Co-Crin
order to stabilize the
arch in the final stage of
treatment. Inthisregard
contemporary plastics,
with elastic moduli that
varyfrom3to7 GPa,are
unsuitablefororthodon-
tic archwires.

Figure 11

Comparison of a proto-
type composite arch-
wire (unidirectionalfiber-
reinforced polymeric
composites or UFRP)to
a conventional nickel-
titanium archwire (NiTi)
in bending. Note that,
when perfected, com-
posite archwires will
possess the stiffness
and esthetic character-
istics desired by practi-
tioners and patients.5?
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Glossary

active - A term that is used to describe an al-
loy that is capable of undergoing its anticipated
phase transformation.

austenite - Historically, austenite refers to a
specific phase of iron and steel alloys that has
a face-centered cubic structure. Today, the
high-temperature phase of nickel-titanium al-
loys is sometimes called austenite because, like
many ferrous alloys, this austenite can trans-
form to martensite, too.

beta-staging - During pultrusion, an interven-
ing process in which the partially-cured resin
and its bundles of continuous fibers are de-
formed into another form (e.g., a preformed
archwire), after which curing is completed.

biohostability - The ease with which a mate-
rial will culture bacteria, spores, or viruses.

composite - A multiphase material composed
of metals, ceramics, and/or polymers that is
artificially made. The resulting phases are
chemically dissimilar and separated by distinct
interfaces.

coefficients of friction - In archwire-bracket
couples, the ratio of half the drawing force that
pulls the archwire through the bracket slot to
the normal force that presses the archwire into
the bracket slot. When motion is impending,
the coefficient of friction is termed “static”;
when motion is occurring, it is termed “ki-
netic.” The coefficient of friction is a constant,
independent of apparent area of contact but
not usually independent of sliding velocity.

coherent - Refers to an oxide layer, which has
the same crystalline structure as the substrate
that it passivates from corrosion. This coherency
makes the oxide layer particularly tenacious.
Aluminum oxide on aluminum is an example
of a coherent oxide; rust on iron is one example
of an incoherent layer.

cold-worked - The process of plastically de-
forming a metal at a temperature below that at
which it recrystallizes new grains, which is
usually one-third to one-half times its absolute
melting point temperature. Consequently, cold-
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working can proceed below room temperature
as well as above room temperature, depending
on the alloy. In contrast “hot-working” (the
process of plastically deforming a metal at a
temperature above that at which it recrystal-
lizes new grains) can proceed below or above
room temperature, too, depending on the alloy.

drawing - A forming process that is used to
fabricate metal wire and tubing. Deformation
is accomplished by pulling the material
through a die by means of a tensile force ap-
plied to the exit side of the die.

elastic modulus - An engineering property of
a material that equals the ratio of stress to
strain, when deformation is totally elastic. In
tension or bending the elastic modulus is of-
ten called “Young’s modulus.”

elastic property ratios - Ratios of strength,
stiffness, or range between two archwires within
the elastic region of their mechanical behavior,
that are used to compare archwires composed
of different materials or having different geom-
etries.

formability - The ease with which a material
may be permanently deformed as measured, for
example, by the magnitude of the difference be-
tween the elastic range (which occurs at the pro-
portional limit) and the range at failure.

heat treatment - General process of using ther-
mal energy to change the characteristics of me-
tallic alloys as in tempering, precipitation
hardening, or annealing (a high-temperature,
softening process).

martensite - Historically a metastable iron
phase, which is supersaturated with carbon,
that results from the diffusionless transforma-
tion of austenite following rapid cooling. This
formation of martensite requires the coopera-
tive movement of atoms, which result in a con-
tinuous phase transformation from one
crystalline structure to another. Today, the
product of such a transformation (e.g., in a
nickel-titanium alloy) will be called martensite
whether it is thermally activated (termed “iso-



thermal”) or not thermally activated (termed
“athermal”).

nonstoichiometric compound - An ionic com-
pound in which the number of positively-
charged atoms and/or negatively-charged
atoms is not an integral number as it is in com-
mon salt (NaCl), wherein the formula number
of Na and Cl atoms both equal 1.

passivate - Process of protecting a material
from corrosion by specific alloying, surface coat-
ing, or heat treatment, for example.

passive - A term that is used to describe an
alloy that is incapable of undergoing its antici-
pated phase transformation because extensive
plastic deformation has suppressed the trans-
formation.

phase - A homogeneous portion of a material
system that has uniform physical and chemi-
cal characteristics.

phase transformation - A change in the num-
ber and/or character of the phases that consti-
tute the microstructure of an alloy by a change
in crystalline structure.

precipitation hardening - The process by
which a metal alloy is hardened and strength-
ened by extremely small and uniformly dis-
persed particles that precipitate from a
supersaturated solid solution. (Iced tea with
lots of sugar is an example of a supersaturated
liquid solution.) Precipitation hardening is also
called “age hardening” because it requires time
to harden an alloy.

pseudoelasticity - The mechanical analog of
thermoelasticity in which, at constant tempera-
ture, the austenitic-to-martensitic phase transfor-
mation occurs with increasing applied force. As
the force is subsequently removed, the reverse
phase transformation occurs.

pultrusion - The process of manufacturing
components having continuous lengths and a
constant cross-sectional shape, such as in
archwires. During production, bundles of con-
tinuous fibers are impregnated with a poly-
meric resin, pulled through a sizing die that
preforms the composite as it establishes the
resin/fiber ratio, and passed through a curing
die that imparts the precise shape as it cures
the resin.

range - The distance that an archwire can be
activated by a specific force. This distance is
termed the “working” range, when an orth-
odontist defines the limit of activation. With re-
gard to elastic property ratios, one measure of the
range is the distance that an archwire can be
activated elastically (i.e., its elastic range),
which terminates at its proportional limit.

Review of contemporary archwires

resilience - The capacity of a material to ab-
sorb energy, when the material is elastically
deformed. Resilience is measured by the area
under the elastic portion of the engineering
stress-strain curve.

sensitization - In austenitic stainless steels
such as those used in archwires, the formation
of chromium carbides by locally depleting chro-
mium from adjacent regions, thereby compro-
mising the corrosion resistance. Although
sensitization occurs upon prolonged heating
or slow cooling in the critical temperature re-
gime of over 425 to 815°C, sensitization can oc-
cur in as little as a few seconds at 650°C.

shape memory effect - The combination of
thermoelasticity and pseudoelasticity in which,
following a force-induced phase transformation,
the reverse transformation occurs, when the
archwire temperature is increased to oral tem-
perature, for example.

springback - The extent to which the range re-
covers upon deactivation of an activated
archwire.

stiffness - In archwires, the ratio of the force
required to exceed the elastic region to the dis-
tance that an archwire can be activated elasti-
cally. With regard to elastic property ratios, the
stiffness equals the quotient of the strength to
the range within the elastic region.

strength - The force required to activate an
archwire a specific distance. With regard to elas-
tic property ratios, one measure of the strength
is the force that an archwire can withstand
elastically (i.e., its elastic limit), which is simi-
lar in magnitude to its proportional limit.

temper - A heat treatment that occurs at low
temperatures (typically 200 to 650°C) that en-
hances toughness and ductility. In ferrous al-
loys, tempering is particularly important to
transform brittle martensite into tempered mar-
tensite.

thermoelasticity - The thermal analog of
pseudoelasticity in which the martensitic phase
transformation occurs from austenite as the tem-
perature is decreased. This phase transformation
can be reversed by increasing the temperature
to its original value.

ultimate strength - Maximum engineering
strength experienced by a material in tension.
Hence the term, “ultimate tensile strength,” is
often used.

weldability - The ease by which metals may
be joined by actually melting the work pieces
in the vicinity of the bond. A filler metal may
or may not be used to join the work pieces.

The Angle Orthodontist

Vol. 67 No. 3 1997

205



Kusy

206

10.

11.

12.

13.

14.

15.

16.

17.

18.

The Angle Orthodontist

References

Proffit WR. Contemporary orthodontics, 2nd ed. St.
Louis: Mosby, 1993, p. 289.

Burstone CJ, Goldberg AJ. Beta titanium: A new
orthodontic alloy. Am J Orthod 1980;77:121-132.
Kapila S, Sachdeva R. Mechanical properties and
clinical applications of orthodontic wires. Am J
Orthod Dentofac Orthop 1989;96:100-109.
Editorial staff. Why stainless steel? Advanced Ma-
terials & Processes 1995;147: 36-37.

Flinn RA, Trojan PK. Engineering materials and
their applications, 3rd ed. Boston: Houghton
Mifflin, 1986, pp. 530-531.

Budinski KG. Engineering materials: Properties and
selection, 5th ed. Englewood Cliffs, NJ: Prentice
Hall, 1996, pp. 418-420.

Harvey PD. (ed.) Engineering properties of steel.
Metals Park, OH: American Society for Metals,
1982, pp. 243-281.

Van Vlack LH. Elements of materials science, 5th
ed. Reading, Mass: Addison-Wesley, 1970, p. 480.
McClymonds NL. Forming of stainless steel bar and
wire. In: Gray AG (ed.) Forming of stainless steels.
Metals Park, Ohio: American Society for Metals,
1968, p. 34.

Lyman T. (ed.) Metals handbook, vol. 1: Proper-
ties and selection of metals, 8th ed. Metals Park,
Ohio: American Society for Metals, 1961, pp. 422-
423.

Lula RA. Stainless steel. Metals Park, Ohio: Ameri-
can Society for Metals, 1986, pp. 61-62.

Kusy RP, Dilley GJ, Whitley JQ. Mechanical prop-
erties of stainless steel orthodontic archwires. Clini-
cal Materials 1988;3:41-59.

US Patent #2524661. Also, as paraphrased in
Elgiloy: The cobalt-nickel alloy, Elgiloy Company,
Elgin, Ill, promotional literature (undated).
Elgiloy: A cobalt nickel alloy, Elgiloy Company,
Elgin, Ill, promotional literature (undated).
Elgiloy and tru-chrome stainless steel orthodontic
treatment wires, RMO, Inc, Denver, Colo, promo-
tional literature (1977).

Callister WDJr. Materials science and engineering:
An introduction, 3rd ed. New York: John Wiley,
1994, pp. 337-342.

Kusy RP, Whitley JQ. University of North Caro-
lina, Chapel Hill, NC, unpublished data.

Franseen S. RMO, Inc, Denver, Colo, private com-

Vol. 67 No. 3 1997

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

munication (1995).

-Buehler W], Wiley RC. TiNi— Ductile intermetallic

compound. Trans ASM 1962;55:269-276.
Wayman CM. Martensitic and the shape memory
effect. ASM News 1977;May: pp. 4 and 6.
Schetky LMcD. Shape-memory alloys. Scientific
American 1979;241:74-82.

Andreasen GF, Hilleman TB. An evaluation of 55
cobalt substituted nitinol wire for use in orthodon-
tics. ] Am Dent Assoc 1971;82:1373-1375.

Lyman T. (ed.) Metals handbook, vol. 8: Metallog-
raphy, structures, and phase diagrams, 8th ed.
Metals Park, OH: American Society for Metals,
1973, p. 326.

Kusy RP, Wilson TW. Dynamic mechanical prop-
erties of straight titanium alloy arch wires. Dent
Mater 1990;6:228-236.

Goldberg AJ, Morton J, Burstone CJ. The flexure
modulus of elasticity of orthodontic wires. J Dent
Res 1983;62:856-858.

Stush AM, Kusy RP. Geometric and material pa-
rameters of a nickel-titanium and a beta titanium
orthodontic arch wire alloy. Dent Mater 1987,3:207-
217.

Kusy RP. Nitinol alloys: So, who's on first? Am J
Orthod Dentofac Orthop (Letters to the Editor)
1991;100:25A-26A.

Williams DE. Special Metals Corp, Hartford, NY,
private communication (1986).

Kusy RP, Greenberg AR. Effects of composition and
cross section on the elastic properties of orthodon-
tic arch wires. Angle Orthod 1981;51:325-341.
Nitinol, Innovative Technology International, Inc,
Beltsville, Md, promotional literature (undated).
Kousbroek R. Shape memory alloys. In: Ducheyne
P, Hastings GW (eds.) Metal and ceramic
biomaterials, vol. II: Strength and surface. Boca
Raton, Fla: CRC Press, 1984, pp. 73-75.

Collings EW. The physical metallurgy of titanium
alloys. Metals Park, Ohio: American Society for
Metals, 1984, pp. 151 and 157-159.

Farzin-Nia F. Sybron Dental Specialties, Inc,
Glendora, Calif, private communication (1995).
Andreasen GF, Morrow RE. Laboratory and clini-
cal analyses of nitinol wire. Am J Orthod
1978;73:142-151.

Andreasen GF. A clinical trial of alignment of teeth

$S800R 98l] BIA $1-G0-GZ0Z 18 /w0 Aiojoeignd-poid-swid-yiewssiem-jpd-swiid,/:sdiy wouy pepeojumoq



36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

using a 0.019 inch thermal nitinol wire with a tran-
sition temperature range between 31°C and 45°C.
Am ] Orthod 1980;78:528-537.

Miura F, Mogi M, Okamoto Y. New application of
superelastic NiTi rectangular wire. ] Clin Orthod
1990;24:544-548.

Johnson RN, Professor Emeritus of Biomedical En-
gineering, University of North Carolina at Chapel
Hill, private communication (1995).

Editorial staff. Properties, specifications, and ap-
plications of wrought titanium alloys. Metal
Progress: 1985 Materials & Processing Databook
1985;128:86-87.

Donachie MJ Jr. (ed.) Titanium: A technical guide.
Metals Park, Ohio: ASM International, 1988, p. 11.
Donachie MJ Jr. (ed.) Titanium and titanium al-
loys: Source book. Metals Park, Ohio: American
Society for Metals, 1982, p. 11.

Kusy RP, Whitley JQ. Effects of surface roughness
on the coefficients of friction in model orthodontic
systems. ] Biomech 1990;23:913-925.

Kusy RP, Whitley JQ. Effects of sliding velocity on
the coefficients of friction in a model orthodontic
system. Dent Mater 1989;5:235-240.

Kusy RP, Whitley JQ. Coefficients of friction for
arch wires in stainless steel and polycrystalline alu-
mina bracket slots: I. The dry state. Am J Orthod
Dentofac Orthop 1990;98:300-312.

Keith O, Kusy RP, Whitley JQ. Zirconia brackets:
An evaluation of morphology and coefficients of
friction. Am J Orthod Dentofac Orthop
1994;106:605-614.

Saunders CR, Kusy RP. University of North Caro-
lina, Chapel Hill, NC, unpublished data.

Thurow RC. Edgewise orthodontics, 4th ed. St.
Louis: Mosby, 1981, pp. 26-38.

Burstone CJ. Variable-modulus orthodontics. Am
J Orthod 1981;80:1-16.

Fluorocarbon-coated, triple-stranded, stainless steel
wire, Eastern Dental Corp, New Brunswick, NJ,
marketed ca 1978.

Optical fibers, Ormco Corp, Glendora, Calif, mar-
keted ca 1992.

Kusy RP, Whitley JQ, Prewitt MJ. Comparison of
the frictional coefficients for selected archwire-
bracket slot combinations in the dry and wet states.
Angle Orthod 1991;61:293-302.

Kusy RP, Andrews SW. Tribological properties of
ion implanted model orthodontic appliances. In

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Review of contemporary archwires

Spalvins T, Kovacs WL (eds.) Ion nitriding and ion
carburizing. Metals Park, Ohio: ASM International,
1990, pp. 105-118.

Kusy RP, Tobin EJ, Whitley JQ, Sioshansi P. Fric-
tional coefficients of ion-implanted alumina against
ion-implanted beta-titanium in the low load, low
velocity, single pass regime. Dent Mater
1992;8:167-172.

Hull D. An introduction to composite materials.
Cambridge, UK: Cambridge University Press, 1981.
Goldberg AJ, Burstone CJ. The use of continuous
fiber reinforcement in dentistry. Dent Mater
1992;8:197-202.

Jancar J, DiBenedetto AT, Goldberg AJ]. Thermo-
plastic fibre-reinforced composites for dentistry: II.
Effect of moisture on flexural properties of unidi-
rectional composites. ] Mater Sci: Mat Med
1993;4:562-568.

Goldberg AJ, Burstone CJ, Hadjinikolaou I, Jancar
J. Screening of matrices and fibers for reinforced
thermoplastics intended for dental applications. J
Biomed Mat Res 1994;28:167-173.

Jancar J, DiBenedetto AT, Hadziinikolau Y,
Goldberg AJ, Dianselmo A. Measurement of the
elastic modulus of fibre-reinforced composites used
as orthodontic wires. J] Mater Sci: Mater Med
1994;5:214-218.

Kennedy KC, Chen T, Kusy RP. Mechanical prop-
erties of micron-sized pultruded composite pro-
files. In: Advanced composites X: Proceedings of
the 10th Annual ASM/ESD Advanced Compos-
ites Conference & Exposition. Metals Park, Ohio:
ASM International, 1994, pp. 191-200.

Kennedy KC, Kusy RP. UV-cured pultrusion pro-
cessing of glass-reinforced polymer composites. ]
Vinyl Additive Tech 1995;1:182-186.

Martin JD, Sumerak JE. Pultrusion. In: Dostal CA
(ed.) Engineered materials handbook, vol. 1: Com-
posites. Metals Park, Ohio: ASM International,
1987, pp. 533-543.

Kusy RP, Kennedy KC. Novel pultruded fiber-re-
inforced plastic and related apparatus and
method. US Patent filed (1994).

Kucheria C. “A”-Company, San Diego, Calif, un-
published data.

Sioshansi P. Tailoring surface properties by ion-im-
plantation. Mater Eng 1987;February:19-23.

The Angle Orthodontist

Vol. 67 No. 3 1997

207

$S800B 98l) BIA $1-G0-GZ0Z 18 /w0 Alojoeignd-poid-swiid-yiewssiem-jpd-swiid,/:sdiy wouy papeojumoq



