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Vitallium-2000 Plus alloy is one of the important metallic biomaterials having excellent biocompatibility as
it is free from nickel, vanadium, and beryllium elements that could cause potential allergic problems to
patients. In this study, the high cycle fatigue behavior of continuous cast vitallium-2000 Plus alloy was
investigated using rotation bend fatigue tests at 50 Hz frequency and at room temperature apart from
tensile studies. A series of tests were carried out at varying stresses, and the S-N curve was obtained from
regression of the test data. The endurance limit was determined as 387 MPa, which is very good for a cast
alloy. This increase in fatigue property (compared to the previous version of this alloy) is primarily due to
the presence of nitrogen that is added during continuous casting process and also that of the other alloying
elements. Tensile test was also performed as per the ASTM standard to evaluate its static properties. The
fracture morphology was investigated using scanning electron microscope to study the mechanisms of
fracture. It was established that the primary mechanism of fracture was by microvoid nucleation and
coalescence, typical of a ductile material that is significant for a cast alloy. The experimentally determined
values of endurance limit, yield strength, tensile strength, and percent elongation provide evidence that
vitallium-2000 Plus cast alloy has very good fatigue, tensile properties, and increased formability without
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fracture, allowing for excellent adjustability during its application.

Keywords endurance limit, fatigue behavior, fracture morphology,

orthopedic applications, vitallium-2000 Plus alloy

1. Introduction

The most important metallic biomaterials are stainless steels,
cobalt-chrome alloys, and titanium alloys. Metallic biomaterials
are mainly used for replacing failed hard tissue and for dental
applications. Stainless steel was first used successfully as an
implant material in the surgical field when aseptic surgery was
established and a cobalt-chrome alloy was implemented for
practical applications. Cobalt-chrome alloys are typically used
to fix soft tissue, such as blood vessels. The population ratio of
the aged people worldwide is rapidly growing where the
number of the aged people requiring replacement of failed
tissue with metallic biomaterials is also growing. Hence, the
development of metallic materials for biomedical applications
has assumed a great importance (Ref 1).

Cobalt-chrome-based alloys are widely used in total hip and
knee replacements, dental devices, and support structures for
heart valves due to their excellent properties in terms of
corrosion resistance, fatigue strength/endurance limit, and
biocompatibility (Ref 2-5). Fatigue fracture and wear mecha-
nisms are usually associated with implant failure of medical
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devices such as hip joint prostheses. The actual in vivo
mechanisms are complex and involve the hostile body envi-
ronment. They can be fatal in mechanical heart valves. An
orthopedic device is an artificial mechanical device that
replaces or supports part of the skeletal structure of the human
body. One of the applications include internal fixation of
fractures by bone plates, nails, or intermedular rods typically
used as screws/plates for fixing fractured bones. The load on
implant varies with position during walking and reaches a peak
of about four times the body weight at the hip and three times
the body weight at the knee. Furthermore, larger loads are
experienced by the hip and knee joints during activities such as
running and jumping. Regarding biocompatibility, cobalt-based
alloys are highly resistant to corrosion, and especially to attack
by chloride ions within crevice. Corrosion-related failure
mechanism in a vitallium plate used as a fixation device has
been investigated (Ref 6). High endurance limit/fatigue limit
and good level of fracture toughness are considered as other
relatively important advantages of vitallium alloy (Ref 7-9).
Vitallium-2000 Plus alloy is known to provide improved
physical and mechanical properties in comparison to other
previous (vitallium and vitallium-2000) chrome-cobalt alloys.
Zhuang and Langer (Ref 10) investigated the effects of
modifying the composition of the Co-Cr-Mo alloy with
additions of nickel and some trace elements of aluminum,
titanium, and boron. They observed a great improvement in the
fatigue crack growth resistance of the cast alloy due to nickel
additions to the base alloy. In addition, the fatigue fracture
ductility was observed to be improved significantly with the
nickel additions. It is also indicated that minor additions of such
elements as aluminum, titanium, and boron contributed to
improved fatigue crack growth resistance due to the reduction/
elimination of some casting defects. Matkovic et al. (Ref 11)
examined the influence of nickel and molybdenum addition
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on the microstructural properties of as-cast Co-Cr-based alloys.
The alloys were produced by vacuum arc-melting technique. It
was established that among the 10 samples of Co-Cr-Ni alloys,
only two samples with the composition CossCryoNis and
Cog0Cr3oNijg had appropriate dendritic solidification micro-
structure. This microstructure is known to be typical for
commercial dental alloys. The results of hardness and corrosion
resistance measurements revealed the strong influence of
different alloy chemistry and of as-cast microstructure.

Hiromoto et al. (Ref 12) examined the corrosion behavior
and microstructure of low-nickel Co-29Cr-7Mo alloys and a
conventional Co-29Cr-6Mo-1Ni alloy (ASTM F75-92) in
saline solution, Hanks’ solution, and cell culture medium. The
forging ratios of the Co-29Cr-6Mo alloy were 50 and 88% and
that of the Co-29Cr-8Mo alloy was 88%. They found that the
passive current densities of the low-nickel alloys were of the
same order of magnitude as that of the ASTM alloy in all
the solutions. The anodic current densities in the secondary
passive region of the low-nickel alloys were lower than that of
the ASTM alloy in the cell culture medium. Consequently, the
low-nickel alloys were expected to show the same high
corrosion resistance as the ASTM alloy. On the other hand,
the passive current density of the Co-29Cr-6Mo alloy with a
forging ratio of 50% was slightly lower than that of the alloy
with a forging ratio of 88% in the saline. It was concluded that
the refining of grains by forging further caused the increase in
the passive current density of the low-nickel alloy.

Kurosu et al. (Ref 13) investigated the mechanical properties
of Co-29Cr-6Mo alloys consisting of € and ¢ phases at room
temperature. Solution treatment at 1523 K for 7.2 ks was
carried out for cast Co-29Cr-6Mo alloy, followed by various
aging treatments at 1023 K for up to 21.6 ks. They found that
0.2% proof strength, ultimate tensile strength, and plastic
elongation of the aged alloys did not depend on the aging time.
Dourandish et al. (Ref 14) produced complex-shaped bimetals
utilizing two-color powder injection molding (2C-PIM) and
three-dimensional printing (3DP) processes, which basically
involved sintering of a powder/binder mixture. They addressed
the sintering of biocompatible Co-Cr-Mo alloy for producing
stepwise porosity-graded composite structures. Such composite
structures provide strength at the core and a porous layer for the
tissue growth. It was found that an intermediate sintering
temperature of 1280 °C in argon atmosphere can be used for
manufacturing of the porosity-graded composite layers. They
produced a hip-joint with a core/shell structure as a case study.

Lee et al. (Ref 15) observed an improvement in the
mechanical properties of a biomedical nickel-free Co-Cr-Mo
alloy in the as-cast condition using tensile tests and micro-
structure observations. They found that the solubility of
nitrogen in Co-Cr-Mo alloys increased as the chromium
content was increased from 29 to 34 mass%. This resulted in
a significant improvement in mechanical properties such as
yield stress, tensile strength, and fracture elongation. Increasing
the chromium content also had contributed to the improved
mechanical properties. Investigation of wrought Co-Cr-Mo
implant alloy (Ref 16), which included studying the effect of
iron addition on microstructures and mechanical properties of
nickel- and carbon-free Co-Cr-Mo alloys (Ref 17), and the
modification of mechanical properties of sintered implant
materials in Co-Cr-Mo alloy (Ref 18) were also referred to
assess the latest development on vitallium alloys.

Based on the above review, it was determined that rotating
bending studies would provide new information on fatigue of

1024—Volume 20(6) August 2011

vitallium-2000 Plus alloy (latest grade of Co-Cr-Mo alloy). The
specific objectives of this investigation are evaluating the
endurance/fatigue limit for this alloy and tensile properties in
addition to characterizing their fracture morphology and
comparing these properties with the previous vitallium alloy.

2. Experimental Procedure

2.1 Material and Heat Treatment

Vitallium-2000 Plus implants (intermedular nails and plain
pattern bone plate) are shown (Fig. 1 and 2, respectively). The
segmental fracture of the tibia, bridged by an intramedular nail
with a proximal interlocking screw is depicted in Fig. 3. The
chemical composition of vitallium-2000 Plus alloy and that of
the previous (cast vitallium) alloy are detailed in Table 1. The
vitallium-2000 Plus alloy investigated in this study incorpo-
rated an addition of controlled nitrogen during the continuous
casting process, which is expected to result in higher values of
yield, tensile strength, and percent elongation than any other
chrome-cobalt alloys. This alloy was continuously cast and
annealed at 1200 °C.

2.2 High Cycle (Rotating Cantilever Beam Test) Fatigue Test

The fatigue specimens (5-mm gage diameter and 20-mm
gage length with a continuous radius) were machined from
round bars (having the same properties as that of vitallium-200
Plus implants). The high cycle fatigue test was carried out at
3000 rpm and room temperature. Two specimens were tested to
generate each data point on the S-N curve.

=

(b)

Fig. 1 (a, b) Intermedular nails

I 77.2 mm g

Fig. 2 Vitallium-2000 plain pattern bone plate
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In rotating cantilever beam fatigue test, one end of a machined
specimen is mounted in a motor-driven chuck. A known weight
is suspended at a distance from the support. The top surface of the
test specimen is subjected to tensile force, while the bottom
surface is compressed. After the specimen turns 90°, the
locations that were originally in tension and compression have
no stress acting on them. After a half revolution of 180°, the
material that was originally in tension is now in compression.
Thus, the stress at any one point goes through a complete
sinusoidal cycle from maximum tensile stress to maximum
compressive stress. An R. R. Moore fatigue tester was used to
conduct the experiments. The maximum stress (o) acting on this
type of specimen is given by the following equation:

32M
==+
°© n-d?

(Eq 1)

where M is the bending moment, and d is the specimen diam-
eter. The bending moment under the fatigue tester setup is:

M_F-L
)

where Fis the applied load, and L is the length of the specimen.

The stress induced by bending in Eq 1 can be expressed as

16F - L
n-d?

(Eq 2)

o=+ (Eq 3)

Fig. 3 A general picture showing segmental fracture of the tibia,
bridged by an intramedular nail with a proximal interlocking screw

Table 1 Chemical composition (wt.%) of vitallium cast alloys

Vitallium-2000 Plus alloy (cobalt-chrome alloy) specimens
were machined from round bars (having the same properties as
those of vitallium-200 Plus alloy implants) to form fatigue test
specimens with a continuous radius. These specimens having
continuous radius were metallographically polished to have a
smooth surface (high level of surface finish). This is basically to
avoid the most likely influence of surface irregularities or
roughness (at the microscopic level) on fatigue strength. The
tests were carried out up to 107 cycles to determine the fatigue/
endurance limit. The fatigue data are presented by the S-N
curve where the stress S is plotted against the number of cycles
to failure M.

2.3 Microhardness and Tensile Tests

Microhardness and tensile tests on vitallium-2000 Plus alloy
were performed as per E384-06 and E8-04 ASTM standard Test
Methods, respectively. Microhardness test was carried out at
100-g load and using the microhardness Vicker’s diamond
pyramid indenter. Tensile tests were carried out at a strain rate
of about 0.001/s.

3. Results and Discussion

3.1 Microhardness and Tensile Properties

Microhardness test was carried out on the samples of
vitallium plate and nail bones. From the microhardness
measurements, the Vickers hardness (at 100-g load) of
vitallium-2000 Plus alloy was experimentally determined as
VHN 410 (average of 5 readings). The specimens were
prepared to determine the tensile properties (average of 3
readings). The experimentally determined values for 0.2%
proof stress, tensile strength, and elongation were 612 MPa,
824 MPa, and 15.2%, respectively. These tensile properties
were higher as compared with the previous alloy of vitallium as
reported in Table 1. The higher values of tensile properties are
largely due to the presence of nitrogen element and also the
combined effects of specific elements in this alloy that are
known to minimize the microstructural casting defects (Ref 10).

3.2 High Cycle Fatigue Behavior

Various mechanical properties including the fatigue property
are listed in Table 2 that also includes the comparison of the
values with respect to the previous alloy. From the rotating
beam test, the prescribed stress versus number of cycles to
failure is shown in Fig. 4(a) which can be described by the
Basquin equation:
No’ =C (Eq 4)

where o is the stress amplitude, and p and C are the
constants that can be obtained from curve fitting. It can be

Elements Co Cr Mo Mn Ni C Fe Si N
Vitallium-2000 Plus 65.0 29.5 5.4 0.05 1.2 0.2 0.28 0.8 0.1
Cast vitallium (a) (typical) 61.0 28.5 6.0 2.5 0.36 (max) 0.75 1.0% (max)

(a) Ref 20
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Table 2 Mechanical properties of vitallium alloys

Properties 0.2%YS, MPa UTS, MPa

Elongation, %

Microhardness, VHN oo Fatigue limit, MPa

Vitallium-2000 Plus 612 824
Cast vitallium (a) (typical) 520 790

(a) Ref 20
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Fig. 4 (a, b) Fatigue behavior in terms of S-N curve and in log
scale

observed that at higher stresses, the fatigue life is progres-
sively decreased. With a prescribed stress of 396 MPa, fati-
gue failure occurred at around 107 cycles of loading. While
no clear fatigue limit is observed, the experimental results
showed that vitallium-2000 Plus alloy specimen exhibited a
maximum stress of 387 MPa where there was no failure
(fracture) at 107 cycles of loading. The high cycle behavior
of the material is demonstrated in terms of an S-N curve as
shown in Fig. 4(b). The linear regression of the experimental
data in logarithm scale showed a strong relationship between
the number of cycles to failure and the applied stress with
R*=0.976. The fatigue strength of vitallium-2000 Plus alloy
can be described by the regression equation:

o = —90.73(log N) + 1050.1 (Eq 5)

Based on Eq 5, the predicted failure stress at 107 cycles of
loading is 415 MPa, which is very close to the experimental
observation of 387 MPa. However, it should be noted that
while conducting fatigue experiments, each specimen has its
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Fig. 5 The presence of a long fatigue crack (arrow indicates the
crack growth direction) across the slip bands

own fatigue limit. Thus, fatigue life and fatigue limit are
statistical quantities (Ref 19). The experimentally determined
fatigue value of 387 MPa is a significant improvement in
comparison to that of 310 MPa for a typical cast vitallium alloy
(Ref 20), which is reported in Table 2. This improvement in
fatigue property is primarily attributed to the specific compo-
sition (in particular the combination of cobalt and chromium
elements) of the alloy, and improved microstructure thereby
reducing the microstructural casting defects (Ref 10). Further-
more, the addition of nitrogen element during continuous
casting of vitallium-2000 Plus alloy basically helped in
contributing to its improved mechanical properties, including
fatigue behavior (Ref 15).

3.3 Mechanisms of Crack Initiation and Propagation

The presence of a long fatigue crack is exhibited in Fig. 5
where the direction of the fatigue crack growth is clearly across
the slip bands. The fracture surface during crack propagation
demonstrating a highly ductile fracture with microvoids is
shown in Fig. 6.

Vitallium-2000 Plus alloy demonstrated a typical ductile
fracture. Ductile fracture is characterized by plastic deformation
which precedes failure of the material. Upon close examination
of the fracture surface, we can very clearly see a fibrous pattern
with dimples. This kind of ductile fracture is initiated with the
formation of tiny/micro voids, usually around small inclusions
or preexisting voids. These microvoids then grow and coalesce,
developing into cracks that grow in size and lead to fracture.
Dimple size and shape depend on the type of loading and extent
of microvoid emergence. When a material is subjected to
uniaxial tensile loading, equiaxed dimples appear that have
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Fig. 6 Fracture surface at the crack propagation (arrow indicates
the crack growth direction) demonstrating a highly ductile fracture
with microvoids

complete rims. Under a tear loading, the dimples are elongated,
the rims of the dimples are not complete, and the dimples are in
the same direction as the loading. Intergranular dimple rupture
occurs along grain boundaries due to nucleation and coales-
cence of voids at grain boundaries.

4. Conclusions

¢ The fatigue behavior of the vitallium-2000 Plus alloy can
be described by a typical S-N curve with a good linear
regression fit. This linear regression analysis could poten-
tially save on time and effort to predict the stress-life at
107 cycles.

¢ Vitallium-2000 Plus alloy exhibited good level of endur-
ance limit of 387 MPa (especially for a cast alloy) which
makes it an attractive biomedical alloy requiring good
dynamic characteristics. This is in addition to its relatively
higher level of tensile properties. These values are higher
than that for a previously cast vitallium alloy.

e The primary mechanism of failure in vitallium-2000 Plus
alloy is typically that of ductile fracture with microvoid
formation and coalescence demonstrating a good degree
of toughness. This observation is significant especially for
a cast alloy that supports the flexibile characteristic of this
alloy in dental/orthopedic applications.

e The improved mechanical properties of vitallium-2000
Plus alloy with relatively higher levels of strength and
fracture resistance are very beneficial in certain applica-
tions (dental/orthopedic) without excessive deformation or
fracture.
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