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ABSTRACT

The research is dedicated to determine one of the most important mechanical properties which is the
Young’s modulus. Its value is crucial for clearly explaining and understanding the results of any
mechanical loading experiment. Three cylindrical samples of 15 mm height and 7.5 mm diameter
were designed using SpaceClaim application in the ANSYS Software and then 3D printed using Direct
Metal Laser Sintering via EOS M 290 3D printer. The specimens were then tested under compression
in order to determine the value of the Young’s modulus for titanium alloy of grade 23 (Ti, AL, V, O, N,
C, H, Fe, Y). The finite element method was executed using ANSYS mechanical to run a comparison
between laboratory results with nominal results of the Young’s modulus. Young’s modulus value is
affected by the 3D printing accuracy and quality, the material’s quality as well; however, the deviation
is within 10%.
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1. INTRODUCTION

Due to its success with the production of complicated parts, 3D printing techniques like
selective laser melting (SLM) and selective laser sintering are being used with different
materials and in various areas [1, 2]. In the biomedical field, 3D printing methods have
the advantages in fabricating scaffolds and latticed structures with the ability to create
complex shapes, geometries and porosities [3]. Bill used SLM to manufacture lattice
structures used in biomedical implants in order to investigate the defects resulting from
3D printing methods in comparison to finite element analyzed models [4]. Many re-
searches were conducted for investigating the mechanical properties of 3D printed
structures.

Mazur et al. studied the compressive behavior of SLM fabricated titanium alloy
structures. The research investigated various topologies sizes and geometries [5]. Direct
metal laser sintering (DMLS), a 3D printing method, was used by Karolewska and Ligaj to
prepare specimens of titanium alloys. The study focused on the comparison of 3D printed
parts [6].

Since the Young’s modulus defines the elastic behavior of the material, several
attempts were reported trying to determine its value. Most of these researches investi-
gated the Young’s modulus for isotropic metallic structures because of the importance
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of their performance. The testing setup procedures for
such a process are divided into two methods, the dynamic
method like the ultrasonic measurement approach and
the static method like the mechanical test (compressive,
tensile) [7]. Usually, researchers used uniaxial and
triaxial compression methods in order to determine the
Young’s modulus value [8]. The stress-strain curve
does not always show a clear linear behavior with all
kinds of materials, hence a single value of the Young’s
modulus is sometimes hard to calculate. This fact
redirected the interest to the non-destructive methods
which give better results regarding the elastic range [9].
K.T. Chau derived an approximate formula for
calculating the Young’s modulus using cylinders under
compression but assuming the Poisson’s ratio is already
known [10].

Researchers showed that the only problem with the
compression test in the modulus determination is deviated
from its intrinsic value. The main reason behind this fact is
the existence of friction between the upper and lower end
surfaces and the loading platens [10-12]. Wei Liu suggested
a correction method in his approach [13] for linear hard-
ening materials to obtain the modulus of cylindrical speci-
mens of aluminum using the compression test. His research
showed closer values to the intrinsic modulus than the tested
values. Eva Labasova, in [14], was able to determine the
Young’s modulus using the relative strain with predefined
load conditions and universal measurement system Quan-
tum X MX 840.

In the biomedical field, researchers focused on the
modification of Young’s modulus to cure stress shielding.
Mitsuo proposed a study on getting the Young’s modulus
of titanium alloy as close to the cortical bone as
possible [15]. In [16], Anders Ogaard determined the
accuracy of measurements of the Young’s modulus for
the cancellous bone using compression testing, where the
strain was measured using an extensometer attached to
the compression anvils.

Pursuing reduction of the young’s modulus, Yu.
N. Loginov tried modifying Young’s modulus value for
titanium alloy Ti6Al4V used in medical implants via the
finite element method analysis. Honeycomb cellular was
applied as a structure for the cylindrical specimens used in
the experiment. The Young’s modulus was indeed reduced
three times compared with the solid titanium alloy [17].
G. Rotta also studied the effect of the porous titanium
alloy on its Young’s modulus using the finite element
method. The study showed that the pore size has a strong
influence on the Young’s modulus [18]. Reconstruction of
the Young’s modulus using the finite element method was
discussed by Yanning Zhu in [19], where the approach
depends on relaxing the force boundary condition re-
quirements so that at the compression surface, only the
force distribution remains. The finite element method
with the help of a network of triangular elements was used
to investigate the elastic properties of an isotropic com-
posite material [20]. The finite element model updating
method was discussed as a correction of the numerical
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model of the structure based on the measured data from
the real structure [21].

In [22], Stefan derived a formula for calculating the
Young’s modulus using the average field approximation
method in the field of composite materials. J.G. Williams
[11] utilized a compression test in determining the value of
Young’s modulus under the assumption that radial
displacement is linearly dependent on the radius of the
cylindrical specimens used during the test. FE was also used
to validate the results of the laboratorial tests. Jianjun
proposed, in [23], the idea of determining the elastic
modulus using a piezoelectric ring and electromechanical
impedance. The method offered a solution for the on-site
determination of mechanical properties since most of the
mechanical ways required a large set of testing machines.
Bucciarelli et al. [24] tried the sound waves method as a
non-destructive testing way to determine the elastic
modulus, where an error of 2% was achieved compared
with the results of tensile-testing methods of determina-
tion. The same approach of the sound factor was used by
Nunn [25].

The focus of this paper has been on the determination
of the Young’s modulus based on the laboratorial
compression test followed by a numerical investigation
using the FEM method to validate the results. The study
prepares the calculation of the Young’s modulus to help
with an upcoming work with the same type of TI6GAI4V
alloy.

2. MATERIALS

Over the past few decades, titanium alloys were used in a
wide range in the manufacturing of biomedical appliances.
In the research, Ti6Al4V alloy of grade 23 was used in the
3D printing of the specimens. This alloy is most famous
for its good biomechanical properties such as low density,
high strength and high corrosion resistance that are quite
necessary to enhance the osseointegration and biocom-
patibility in biomedical implants. The research seeks to
find the exact Young’s modulus for the material to
generate accurate results in the laboratorial and simulative
fields.

The following Table 1 shows the material’s composition:

3. METHODS

3.1. CAD design and the FEM analysis

The CAD model was designed using the SpaceClaim
application within the ANSYS software. The STL file was,
then, exported to be processed by the 3D printing machine
software. The design is a solid cylinder of height 15 mm and
a diameter of 7.5 mm, as shown in Fig. 1.

The FEM analysis was applied using the mechanical
application within ANSYS. The compression test was
simulated in the FEM process where a force of 10 kN was
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Table 1. Ti6Al4V alloy composition (based on [26])

Element Chemical composition percentage %
Al 5.50-6.50
\% 3.50-4.50
(@) 0.13

N 0.05

C 0.08

H 0.012

Fe 0.25

Y 0.005
Other elements each 0.1
Other element total 0.4

Fig. 1. The CAD design of the specimen

applied on the upper face of the cylinder. Fixed support
constraint was applied on the opposite surface of the
cylinder. Adaptive mesh size was chosen in order to
conduct a suitable mesh for the cylinder. The following
Fig. 2 shows the compression test parameters in the FEM
analysis.

Depending on equation (1), the Young’s modulus was
calculated using stress and strain values.

E=2 (M
€

Where E is the Young’s modulus measured in MPa, ¢ is the
stress which was calculated using the force and area of
the cylinder measured in MPa, € is the strain calculated from
the change in height value.

3.2. Manufacturing

Direct metal laser sintering was used to 3D print the
specimens. EOS M290 machine was used to execute the
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A: Static Structural
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Time: 1. s
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A Force: 10000 N I
. Fixed Support

Fig. 2. The settings of the compression test simulation

manufacturing. The machine was chosen based on
the characteristics that suit this type of specimen. The
machine uses a laser of type Yb fiber with a 400 W
power. The focus diameter is 100 pm and the scanning
speed is 7m s~ ' [27]. EOSPRINT 2 software was used in
the machine to process the CAD data. Three
cylindrical samples were manufactured in total as shown
in Fig. 3.

After manufacturing the samples, a digital caliper of type
Mitutoyo with a precision of +0.02 mm was used to measure
the dimensions. Table 2 shows the average values of both the
diameter and the height.

3.3. Compression test

The compression test was executed with INSTRON 8801
servo-hydraulic fatigue testing machine. The compression

Fig. 3. 3D-printed specimen
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Table 2. Average measurements of the specimens

Specimen Diameter [mm)] Height [mm]
1 7.458 15.22
2 7.494 14.98
3 7.486 15.09

speed was set at 1 mm min~'. A video extensometer pro-
vided with a heavy-duty camera was used in order to detect
the changes in displacement along the compression process.
The machine is provided with the Wavematrix software as
an operating system. The test was done at room temperature
to avoid any confliction with the thermal expansion.

The following Fig. 4 shows one of the samples under
compression. Stress-strain graphs were extracted and
analyzed in order to calculate the Young’s modulus of the
samples.

Fig. 4. Specimen under compression

100

80

4. RESULTS

4.1. Compression test

As mentioned above, the values of the strain were generated
with the help of the video extensometer, which was able to
record the displacement during the compression stage.
Stress values were calculated based on the reaction forces
values generated by the testing machine, which were applied
on the cross-sectional area of the specimens.

Figure 5 shows the stress-strain results for all three
specimens.

As shown in the previous figure, the Young’s modulus
has an average value of 106,247 MPa, which is close to the
nominal value of 113,800 MPa with a deviation of 6.6%.

4.2, FEM simulation results

The calculated value of the Young’s modulus taken from
the laboratorial test was applied in the finite element study.
The resulting deformation of the simulated compression
test was recorded taking into consideration that the
compression was executed in the linear range of the ma-
terial only.

In order to guarantee the accuracy of the FEM solution, a
deformation divergence analysis was executed on the design
based on the mesh element size. Figure 6 shows how the
deformation diverges with a change of less than 5%, which
gives an acceptable result.

The following Fig. 7 shows the deformation distribution
along the specimen. The maximum deformation shown was
0.0315mm in response to the maximum force applied of
10 kN.

y = 104494x /

y =108230x y = 106016x
= 60
o
2
2
o
] 40
(%]
20
0
0 0.0002 0.0004 0.0006 0.0008 0.001
Strain
Specimen 1 Specimen 2 Specimen 3

Fig. 5. Stress-strain graphs for all three specimens
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Fig. 6. Deformation divergence with mesh element size

The stress-strain graph is displayed in Fig. 8. As shown
in the graph, the Young’s modulus value is 108,151 MPa,
which is close to the nominal known Young’s
modulus value of the Ti6Al4V alloy of 113,800 MPa;
however, there has been a deviation of 4.9%. The average
Young’s modulus was shown with a value of 106,247 MPa,

e which represents a deviation of 1.7% from the FEM
0.028024
results.
0.024521
0.021018
oo 5. CONCLUSIONS
0.014012 '
0.010509
0.0070061 Young’s modulus values were investigated using a simple
0.003503 compression test and validated using the FEM analysis for
0 Min three specimens. As seen from the results, the Young’s
modulus value was affected by the amount of displace-
Fig. 7. Deformation within the specimen ment and deformation in the material. A deviation was
250
y = 108151x
y = 113800x
200 y = 106247x
5 150
=
g
& 100
50
0 -
0 0.0005 0.001 0.0015 0.002 0.0025
Strain
FEM Nominal ——Lab test

Fig. 8. Stress-strain graph
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noticed from the nominal known value of the Young’s
modulus for the TI6AI4V alloy of grade 23 due to the
following reasons:

® Printing accuracy,
e Printing quality,
e Material’s quality.

Designers apply the lattice structure design on the
medical implants in order to reduce the Young’s modulus of
the titanium alloy to a range close to that of the human
bone, thus preventing the stress shielding phenomena.
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