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In this study, Nickel-Chrome-Molybdenum alloy is manufactured using investment casting
method with centrifugal casting device from a polyurethane foam model in a regular and open-
pore form, as a hard tissue implant. The samples produced have 10, 20, and 30 (+3) pores per
inch and 0.0008, 0.0017, and 0.0027 g/mm? densities, respectively.

Young’s modulus, hardness and mechanical behaviors of the samples were investigated
by SEM, EDS and compressive test.

As a result, it is seen that the pore size and the pore wire diameter of the samples could be
controlled thus compression strength and young modulus. In this way it was understood that an
implant material could be produced with similar mechanical properties to the human bone.

1. INTRODUCTION

Lightweight cellular solids with stochastic cells can be
manufactured from numerous metals and metal alloys by a
wide variety of vapor, liquid and solid-state process [1]. The
applications of metal foams are in a wide range of biomaterials,
aircraft, impact energy absorbers, silencers, flame arresters,
heaters, heat exchangers, constructional materials, etc. [2-7].
More than 20 years, fabrication methods for porous metals
have been developed to imitate bone properties [8-16]. Many
parameters on the porous implant should be taken into account
to ensure biocompatibility, such as pore shape, pore size,
porosity and high purity. Pore morphology, size and porosity
are the determining factors. For this, a thorough understanding
of fracture behavior is required for successful industrial
application [17,18]. Furthermore, the hollow space created by
these biomaterials' interconnected open-cellular microstructure
enables for simple bodily fluid movement and, as a result, the
formation of new bone tissues. The properties of these cellular
materials depend upon the properties of base metal alloy, the
relative density and the topology [19-21]. According to Curran,
the material utilized for the manufacturing technique; the
durability of the foams generated with metal powder and the
powder metallurgy method was related to the smallest areas
between the metal or granules. He observed that the specific

endurance of foams generated by powder metallurgy would be
poor due to their manufacturing process [7]. Yamada et al.
stated that an open pore casting was realized utilizing the
infiltration technique using a polyurethane foam model, and
that the materials utilized for production were of excellent
quality and dependable, with a porosity rate of up to 98%. [22].
Yamada et al. further said that this process may be used to cast
any alloy or metal. It is especially appealing because the
strength and Young's modulus of the cellular materials may be
changed by porosity modification to match the strength and
Young's modulus of real bone. As a result, novel bone-
substitute materials with high strength and suitable Young's
modulus are required to assure the biomechanical
characteristics of natural bones [22]. According to researches,
the average pore size of the porous bone replacement material
implanted must have pore size in order for the bone tissue
ingrowth to progress. This size should be between 200 to
500um. [20-24]. Nickel, Chromium and Molybdenum
elements are in the class of metallic biomaterials [25, 26].
These elements are frequently used in biomaterials studies [26-
34].

In this study, Ni-Cr-Mo alloy is manufactured using
investment casting [21, 35, 36]. method from a polyurethane
foam model in a regular and open-pore form, as a hard tissue
implant. Young’s modulus, hardness and mechanical behavior
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of the samples EDS, and

compressive test

were investigated by SEM,

2. MATERIALS AND METHOD

2.1. Production of Samples

The alloy which was used in this study is commercially
produced by the Bohler Company. The mechanical properties
of alloy are given in Table 1. In the production of the samples,
two-stage casting method was used. In this method, the open
pore metal foams are produced by using polyurethane foams.
Polyurethane foams with open pores in three different sizes
were used as a sample model.

TABLE 1
THE MECHANICAL PROPERTIES OF ALLOY
Density 8.8 g/cm®
Vickers hardness 195 HV
Young modulus 215 GPa
Melting temperature 1280 — 1350°C
Casting temperature 1410°C

Figures 1. a, b, c, d, e, f Production stages of samples

The sample models created had 10, 20, and 30 (£3) pores per
inch (ppi) and densities of 0.0008, 0.0017, and 0.0027 g/mm?,
respectively (Fig. 1. a). Then the mold tree was created and
placed in the mold chamber (Fig. 1. b). Precision casting plaster
was poured into the mold cavities to create the molds (Fig. 1.
c). For the preparation of precast, prepared molds were heated
for 1 hour at 1000°C in a thermocouple equipped oven (Fig. 1.
d). In this manner, the cast chamber in the mold was formed by
burning away polyurethane foams. The alloy is then heated to

1410°C before being put into molds using a centrifugal casting
process (Fig. 1. e). Molds were allowed to cool before being
broken and cleaned to remove the casing. A sufficient number
of samples were produced in this way (Fig. 1. f). Figures 1.
shows the production stages.

2.2. Density Measurement
The mass and volume relationship was used to calculate the
densities of the samples with different pore sizes. Formula (1)

was used to determine the densities of solid metal ( Pg,, ) and

porous metal ( Ppy.ous) Samples. Then, using these density

values obtained from each sample, the % porosity amounts ( &
) were determined with the formula (2) [37].

p= @

<|3

© - Density, (g/mm?)
M : Mass, g
V :Volume, mm?

& = (1—Prorais)y100
Pulk

@

& : % porosity amounts

2.3. Metallographic Examination

Porous samples which obtained from Ni-Mo-Cr alloys were
prepared metallographically to examine the microstructure.
The samples were abraded with 220, 400, 600, 800, 1200 mesh
sandpaper, respectively. It was then polished with a 3 micron
polycrystalline diamond paste using a broadcloth. As the
etching process, firstly, 95 ml of water, 5 ml of HCI solution
was kept in an electrolytic etching agent with 5-10 VV and DC
current for three minutes to release molybdenum. Then, the
etching process was completed by immersing the sample in the
chemical etching (5ml HNO3, 200 ml HCI, 659 FeCl2) for a
few seconds. The microstructure characterization of the
produced samples was examined under the LEO brand
scanning electron microscope.

2.4. Mechanic Examination

Compression tests were performed on an Instron 8500
universal type tension-compression machine. For the
compression experiments, a total of 9 compression samples,
three from each of the three samples with different pore sizes
were prepared. The dimensions of the samples prepared for the
compression test were prepared according to the TS 6936
standard and at room temperature, different from the
dimensions of the sample to be used as an implant.

3. RESULTS and DISCUSSION

3.1. Determination of Pore Ratio

The densities of the produced samples were calculated with
the formulas specified in section 2.2. The densities of three
samples for each sample group were calculated and the average
values were found. Pore sizes were determined by the number
of ppi. The exact density of the alloy material used in the
casting and the pore ratio of the produced samples are given in
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Table 2 by determining the relative densities as well as the %

porosity amounts.

TABLE 2
DENSITIES AND POROSITIES VALUES
Sample deﬁ:iltl?es Pore sizes dzg;?t?:s pﬁfc?s?:?els
3 3
Group (g/mm?) (ppi) (g/mm?) in percent
( pBqu ) ( pPorous ) (e) (%)

A 0,0088 10+3 0,0008 90,7

B 0,0088 20+3 0,0017 81,0

C 0,0088 30+3 0,0027 68,3

When the values in the table are examined; The fact that the
percentage of porosity (%) of all three samples does not change
regularly depending on the pore ratios may be related to the fact
that the fiber sections are not the same. Yamada and his friends
[22], used Al and Mg materials, for Al in the samples obtained
by polyurethane foam model and infiltration method; For Mg
between 0.0471 gr/mm?® and 0.0653 gr/mm?; Relative density
values in the range of 0.028 gr/mm?® and 0.030 gr/mm?3 were
obtained. In this study; Unlike Yamada's study [22], centrifugal
casting device was used instead of infiltration casting. For Ni-
Cr-Mo (0.0088 gr/mm?®) alloy, which is a denser metal;
Relative density values were obtained in the range of 0.0008
gr/mm? to 0.0027 gr/mmd,

3.2. Metallographic Test Results

For SEM investigations, the produced samples were
divided into three groups: group A, group B, and group C based
on their pore diameters. SEM examinations and EDS analyzes
of groups A, B and C are given, respectively.

EDS analyses were taken from three different regions
shown with ellipses in the figure to determine the elemental
amounts of group A samples. According to the EDS results
received; When the results of the region marked as ellipse0 on
the black islet in the matrix are examined, it is observed that
the percentages of molybdenum and silicon elements increase,
they become poorer in nickel, and there is no significant change
in the chromium ratio (Figures 2). It is seen that the alloy
content of the region shown as ellipse0 consists of 39.82% Ni,
23.52% Mo, 26.30% Cr and 10.35% Si elements. When the
EDS analyses of the region marked with ellipsel in the matrix
adjacent to the islet on the same photograph were examined, it
was observed that there was no enrichment in the nickel ratio,
no depletion in the molybdenum and silicon ratios, and no
significant change in the chromium ratio. When the alloy
content of the region shown as Ellipsel is examined, it is seen
that it consists of 60.98% Ni, 28% Mo, 7.67% and 3.36% Si
elements. When the EDS analysis of the point shown as
ellipse2 in the SEM photograph taken on the matrix is
examined, it is seen that the matrix consists of 64.39% Ni,
27.62% Cr, 5.87% Mo and 2.1% Si elements.

EDS analyses were taken from two different regions shown
with ellipses in Figure 3 to determine the element ratios of the
B group samples. According to the EDS results received; When
the results of the region marked as ellipse0 on the black islet in
the matrix are examined, it is observed that the percentages of
molybdenum and silicon elements increase, they become
poorer in nickel, and there is no significant change in the
chromium ratio. It is seen that the alloy content of the region
shown as ellipse0 consists of 46.18% Ni, 24.81% Cr, 19.93%
Mo and 9.08% Si elements. When the EDS analyzes of the
region marked with ellipsel in the matrix adjacent to the islet

on the same photograph were examined, it was observed that
there was no significant change in the nickel ratio, enrichment
in the molybdenum and silicon ratios, and no significant
change in the chromium ratio.

9um

-
Figures 2. SEM image and EDS analysis regions of group A sample

When the alloy content of the region shown as Ellipsel is
examined, it is seen that it consists of 63.54% Ni, 27.39% Mo,
6.42% and 2.65% Si elements.

Figures 3. SEM image and EDS analysis regions of group B sample

In order to determine the element ratios of the C group
samples, EDS analyses were taken from the region indicated
by ellipse0 in Figure 4. When the EDS analysis of the point
taken on the matrix and indicated by the ellipse0 is examined,
it is seen that the matrix consists of 66.35% Ni, 26.34% Cr,
5.43% Mo and 1.89% Si elements. The results obtained in the
examination and analysis were found to be very close to each
other. According to the results obtained from the EDS analysis,
it was concluded that the pore sizes did not affect the
microstructure.

Figure 5 shows the microstructure photograph of the sample
taken with an optical microscope. The photograph shows three
separate solidification structures. The region numbered 1 is
primary solidified, the region numbered 2 is secondary
solidified and the region numbered 3 represents the
interdendritic region. As can be seen from the microstructure
photographs, the alloy exhibited a dendritic structure. When we
look at the EDS values in general; While the matrix of the
sample is predominantly Ni-Cr, it is understood that Mo and Si
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precipitate in the matrix and form islets with a homogeneous
distribution.

l—’ 10 ym

Figures 4. SEM image and EDS analysis regions of group C sample

Christopher et al.; In their study, they produced a 62.2% Ni,
25% Cr, 9.5% Mo and 3.3% Si doped alloy named Matchmate
as casting and defined the obtained microstructure as dendritic
[38]. Study by Christopher et al. and the microstructure
obtained in this study confirm each other.
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Figures 5. Optical microscope image of sample

3.3. Compression Test Results

When the comparative stress-strain diagrams of the A, B
and C group samples in Figure 6 are examined, it can be
observed that pore ratios and filament diameters have an
influence on modulus of elasticity. Stretching is found to grow
in direct proportion to rising pore ratios. However, although the
pore ratio of group B samples is higher than that of group A
samples, the reason why the stress values of group A samples
are higher can be attributed to the thicker cross-section of the
filament diameters. When the diagram of the C group samples
is examined, it is seen that the stress values rise based on both
the pore ratio and the fiber section. This result is important in
that it shows that the desired stress values can be controlled
depending on the pore sizes and fiber cross sections. In their
study Tuncer and Arslan determined that the plateau region
becomes more ambiguous as the relative density increases in
the stress diagram, they obtained from titanium foam with
different levels of porosity, produced by space holder method
[15]. Similarly, the smooth character of the curves in the
diagram obtained in this study confirms that the ductile
behavior of foams in the porosity range studied. (Figure 6)

* Group C
35 ~®-Group A
—+—Group B

0,00 0,02 0,03 0,05 0,07 0,08

Strain (mm/mm)

Figures 6. Comparative stress-strain diagrams of A, B and C group samples

4. CONCLUSION

In this study, it was investigated Ni-based Ni-Cr-Mo alloy,
which is widely used in orthopedics and dentistry, can be
produced in an open pore structure by precision casting method
and the controllability of pore size and filament thicknesses.

e Ithas been observed that a material with a Ni-Cr-Mo alloy
can be successfully produced in its final shape in a
centrifugal casting device with an open pore structure and
a density range of 66.8% to 91.5%, without the need for a
second process, by precision casting method.

e In the centrifugal casting device, the pore sizes and
controllability of the fiber sections of the samples
produced by the investment casting method are shown.

e As a result of the microstructure examinations on the
sample as a result of the casting process, it was observed
that the alloy exhibited a dendritic structure. While the
matrix of the sample is predominantly Ni-Cr, it is
understood that Mo and Si precipitate in the matrix and
form islets with a homogeneous distribution.

e  When the density values of the samples were examined, it
was seen that the relative density was related to the
increased pore size and filament cross section.

e Asaresult of the compression tests applied to the porous
samples; It was seen that pore size and filament
thicknesses play an important role in determining the
modulus of elasticity. Accordingly, the sample with the
smallest pore and relatively thick fiber section showed the
highest modulus of elasticity, while the sample with the
thinnest fiber section and relatively large pore size showed
the lowest modulus of elasticity.
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