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1. Introduction Despite their many benefits, medical implants are not

) o without their limitations, and there are numerous
The performance and longevity of medical implants . . . . o
) ] ] challenges associated with their design, fabrication, and
are of paramount importance in the medical field. These ) ) )
o ) ) use [1]. The processing techniques of an engineered
factors are significantly influenced by the manufacturing . ) . )
] ) ] implant largely determine its preciseness, surface
process employed in the creation of these implants.
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characteristics, and interactive ability with the adjacent
tissue(s) in a particular biological environment [2].

An important step in medical implant manufacturing
is the selection of an appropriate biomaterial [3]. Among
the various materials utilized for medical implants, the
titanium alloy Ti6Al4V-ELI has emerged as a popular
choice and is widely used in medical applications due to
its superior mechanical properties, excellent strength,
osseointegration, biocompatibility, high strength-to-
weight ratio, and good corrosion resistance [4-6].

The machining process has a significant impact on
the life and quality of implants, especially on permanent
bio-implants [7]. The manufacturing process,
particularly the machining parameters, plays a pivotal
role in determining the overall performance of the
implant. Parameters such as cutting speed, feed rate, and
depth of cut have a significant influence on the surface
integrity, microstructure, and mechanical properties of
Ti6Al4V-ELI implants. The mechanical properties of
this material strongly depend on the initial condition of
the as-received material and processing parameters.
These parameters can alter the residual stresses, surface
roughness, and microhardness of the implants, thereby
affecting their performance in a biological environment.
Inappropriate machining parameters may lead to the
formation of a rough surface, which could increase the
risk of bacterial adhesion and subsequent infection.
Therefore, it is crucial to optimize these machining
parameters to enhance the performance of Ti6Al4V-ELI
implants [2, 4, 8].

During the machining process, residual stress is
ineluctably generated and constitutes a significant
indicator affecting the quality and performance of the
machined workpiece. Particularly, fatigue life, fracture
behavior, wear resistance, and corrosion resistance of the
machined workpiece are all directly influenced by
residual stresses [9]. As a result of the machining
process, the microstructure and grain size also changes
[10].

X-ray diffraction (XRD) is a powerful, non-
destructive characterization tool used to investigate
changes in the crystallographic structure of a wide

variety of materials. The XRD patterns can provide
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valuable information about phase transformations,
average crystallite size, residual stresses, and texture
development in machined implants [11, 12]. By
analyzing these XRD patterns, one can gain insights into
the effects of machining parameters on the
microstructural evolution and mechanical performance
of Ti6Al4V-ELI implants.

Previous studies have demonstrated that XRD can
effectively detect phase transformations in Ti6 Al4V-ELI
induced by machining. For instance, the transformation
of the alpha phase to the beta phase due to high cutting
temperatures can be identified from shifts in diffraction
peaks. The presence of the beta phase could enhance the
hardness and wear resistance of the implants but may
also increase their susceptibility to corrosion. Therefore,
XRD patterns can provide critical information for
optimizing machining parameters to balance mechanical
properties and corrosion resistance of Ti6Al4V-ELI
implants [13, 14].

In addition to phase transformations, residual
stresses induced by machining can also be evaluated
using XRD. High residual stresses may lead to distortion
and premature failure of implants. The XRD patterns can
reveal the distribution and magnitude of residual stresses
in machined implants, which can guide adjustments to
machining parameters to minimize these residual
stresses [9, 15].

The investigation into how machining parameters
affect the performance of Ti6Al4V-ELI implants using
XRD patterns is a promising approach that can optimize
the manufacturing process of medical implants. The
insights gained from XRD analysis can guide the
selection of appropriate machining parameters to
enhance the surface integrity, microstructure, and
mechanical properties of implants. This ultimately
improves their performance and longevity in a biological
environment. The forthcoming sections of this paper will
delve into specific methods used in this investigation,
present results obtained, and discuss implications for

future research.
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2. Experimental Procedure

The subject samples of the study are dental implants
made from cylindrical shaped bio-titanium alloy
(Ti6Al14V-ELI). These implants were designed based on
a commercial model and were machined under various
machining conditions (Table 1) using CNC machine (11-
axis Tornos CNC milling machine). The purpose was to
examine the impact of changes in machining parameters,
specifically spindle rotation (S) and cutting depth (Q),
on the structural changes of the implant's grain size,
micro strain, dislocation density, and texture parameter
(T.P). Fig. 1 shows images of the implants. The chemical
composition of the samples in terms of weight
percentage of elements is listed in Table 2. The samples
were analyzed using an X-ray diffraction (XRD,
PHILIPS-PW1730, copper target with A=1.5406 A)
device with a time per stage of 0.4 seconds and a step
size of 0.04 degrees. X'Pert and Maud software were
used for evaluating XRD peak broadening and
quantifying o and 3 phases.

To investigate microstructural features such as
crystallite size, various methods are available, among
which the Williamson-Hall method is the most common.
Contrary to the Debye-Scherrer method, which attributes
peak width changes only to grain size, the Williamson-
Hall method also examines the effect of lattice strains,
considering peak width changes dependent on both grain
size and strains present in the lattice. According to the
theory presented by Williamson and Hall, as per Eq. (1),
the Full Width at Half Maximum (FWHM) of the peak
is a function of grain size as well as the strains within the
lattice [16].

B cos (6) ==+ 4e sin () (1)
In Eq. (1), P represents the FWHM (peak width
resulting from crystallite size and strains within the
lattice), 0 is the diffraction angle, k is a constant, A is the
x-ray wavelength, D is the crystallite size, and ¢
represents the microstrain within the lattice. Using the
data extracted from the diffraction pattern and XRD
spectrum peaks, one can plot the graph of Eq. (1). In this

October 2023

Sh. Alizadeh, M. Shahbaz, M. Kavanlouei & S.S. Rahimi

plot, the slope of the drawn line is equivalent to the
lattice strain, and the y-intercept is equivalent to the
crystallite size.

The changes in texture were examined qualitatively
by comparing the intensity of the peaks of the XRD
pattern. Eq. (2) [17] was used to show the degree of

changes in the crystal texture of the metal due to plastic

deformation.
(iﬁﬁ)
T.P.= % ()

B
where Iy, is the intensity of the reference peak and
I 1s the intensity of the deformed sample. The value of
T.P equals one, means that no changes have been made
to the crystalline texture of the material caused by
deformation, and the greater difference in T.P calculated
from 1 means more changes have been made in the

crystalline texture [17].

(b)

Fig. 1. (a) 3D image of designed implant using SolidWorks
software, (b) SEM (Scanning Electron Microscopy) image of
the machined implant.

Table 1. Machining parameters

el Spindle rotation speed (S) Depth of cutting (Q)
(rpm) (mm)
A 1000 0.01
B 1000 0.12
C 500 0.01
D 500 0.12
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Table 2. Chemical composition of the samples in terms of the weight percentage of elements

Al A% Cr Cu Fe Mn Mo Nb Sn Ni Si Zr Pd Ru Ti

6.06 440 <0.005 <0.005 0.10 <0.005 <0.01 <0.005 <0.02 <0.005 0.06 0.02 <0.01 <0.01 Base

3. Results and Discussion
10 20 30 40 50 60 70 80 90

Fig. 2 presents the XRD patterns of the machined Lig sample B oA T Ty [l[llllasel o
implants. The XRD patterns encompass the peaks of the 5 87 b Tipphase A
primary o and  phases. The XRD patterns of the E
samples showed proper alignment with the standard E S8
JCPDS (Joint Committee on Powder Diffraction e i
Standards) pattern 96-901-6191. According to the results
obtained from the XRD pattern of the samples, it can be 0 san‘llple Al 1 1 1 ! .’I‘i - ;Jhase L "
said that due to the machining process and a change in = Q2F A Ti p phase A
the parameters, the peak intensity of the p phase was 3
decreased in all four studied samples compared to the as- 2 Br
received sample, and in samples A and C, the peak ﬁ 14 F
intensity was decreased significantly (from 115.16 to
40.8 and 42.23, respectively). Additionally, the position 0 e i oo i e & - E e el e = i
of the peaks compared to the as-received sample was sample D ] Ti a phase o
slightly changed and the peaks were shifted to the left. g 87k A Tipphase A

The peaks of the o phase for samples A, and C =
possess lower intensity than those in the as-received f: S8
sample and the peak positions were altered compared to - -
the peaks of the as-received Ti-6Al-4V sample.

However, the intensity of a phase for samples B, and D b
did not indicate any significant changes. M‘ A% TI gipuses »

In this study, the values for crystallite size and g e s e
microstrain were calculated for an as-received sample g a1l
and four manufactured implants under the machining 2
conditions listed in Table 3, using the Williamson-Hall 14 F
method. For this purpose, the FWHM values for each
sample were calculated using the X'Pert software. 0 = rleci;'ed[sa.mplle SEE—— lTi.a ;)ha;sel -
Instrumental broadening was also considered to enhance = 108 | . Tipphase A
the accuracy of the calculations. For simplicity in the =
calculations, the constant k was approximately g e

5
considered equal to 1 (Eq. (1)). The plot of (B cos 6) E 36k
against (sin 0) for the three sharpest peaks of each
sample was drawn, and calculations were performed. 0F
Fig. 3 shows the Williamson-Hall plot for each sample. llo 210 3.0 4'0 510 6|0 7I0 slﬂ 9.0
The crystallite size and microstrain obtained from the 20 (degree)
above method for the samples, as well as the volumetric Fig. 2. XRD patterns of as-received, A, B, C, and D samples.

fraction of the samples' phases, which were obtained using

the Maud software, are presented in Table 3.
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Table 3. Williamson-Hall analysis results

As-
sample received A B C D
sample
Crystallite 53, 1541 1572 77 227
size (nm)
Micro 0.118  0.006 1E-04 001 0
strain
o phase
(Yovol.) 82.48 6697 68.06 639 652
B phase
(Yovol.) 17.52 33.02 3193 36.1 348

Samples A (1000 rpm) and B (1000 rpm) were
subjected to different cutting depths, and the subsequent
effects on their material properties were analyzed. In
terms of crystallite size, Sample A, with a cutting depth
of 0.01 mm, exhibited a crystallite size of 154.06 nm,
while Sample B, with a larger cutting depth of 0.12 mm,
displayed a significantly smaller crystallite size of 15.72
nm. These findings indicate that the increase in cutting
depth while maintaining a constant spindle speed of
1000 rpm, had a profound impact on the crystallite size.
Sample B, with the deeper cut, demonstrated a
substantial reduction in crystallite size compared to the
as-received sample, signifying a pronounced grain
refinement effect.

Moving on to the evaluation of microstrain, sample
A, machined with a cutting depth of 0.01 mm, presented
a microstrain of 0.006, which was notably lower than the
as-received sample's microstrain of 0.118. In contrast,
Sample B, with the deeper cutting depth of 0.12 mm,
exhibited an even lower macrostrain of 0.0001,
indicating a substantial reduction in lattice distortions
when compared to the initial material. These
observations underscore the fact that increasing the
cutting depth while maintaining a constant spindle speed
of 1000 rpm contributed significantly to minimizing the
lattice distortions within the crystalline structure,
thereby enhancing its stability.

Considering the alpha phase percentage, sample A,
machined with a cutting depth of 0.01 mm, displayed an
alpha phase percentage of 66.97%, which was lower than
the as-received sample's alpha phase percentage of

82.48%. Conversely, Sample B, with the larger cutting
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depth of 0.12 mm, showed a slightly elevated alpha
phase percentage of 68.06%. These findings indicate that
altering the cutting depth at a constant spindle speed had
an impact on the phase composition of the material. In
particular, Sample B demonstrated a preference for the
alpha phase under these conditions. This suggests that
variations in cutting depth can influence the distribution
of crystalline phases within the material, with deeper
cuts favoring the alpha phase.

In summary, the analysis of Samples A and B reveals
that the cutting depth, when adjusted while maintaining
a constant spindle speed of 1000 rpm, plays a significant
role in altering material properties. It results in notable
changes in crystallite size, microstrain, and phase
composition. Specifically, deeper cutting depths lead to
smaller crystallite sizes, reduced lattice distortions, and
a tendency to favor the alpha phase. These findings
provide valuable insights into the optimization of
machining parameters to achieve the desired material
characteristics. Samples C (500 rpm) and D (500 rpm)
were subjected to different cutting depths, allowing us to
explore the impact of cutting depth while keeping the
spindle rotation speed constant at 500 rpm. Analyzing
their material properties reveals several key findings:

In terms of crystallite size, Sample C, with a cutting
depth of 0.01 mm, exhibited a crystallite size of 77.03
nm, whereas Sample D, with a deeper cutting depth of
0.12 mm, displayed a slightly larger crystallite size of
22.65 nm. By comparing these results with the as-
received sample's crystallite size of 153.2 nm, it
becomes evident that both Samples C and D showed
deviations from the initial crystallite size. However, the
changes observed in these samples were less pronounced
than those in Samples A and B, which were machined at
1000 rpm. This implies that increasing the cutting depth
at a constant spindle speed of 500 rpm had a milder effect
on crystallite size compared to the 1000 rpm case.

Moving on to the evaluation of microstrain, both
Sample C (0.01 mm) and Sample D (0.12 mm) exhibited
similar microstrain values, measured at 0.006 and 0.002,
respectively. These values were notably lower than the
as-received sample's microstrain value of 0.118. These

results suggest that increasing the cutting depth while
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maintaining a constant spindle speed of 500 rpm led to a
reduction in lattice distortions in both samples,
contributing to a more stable crystalline structure. This
observation is consistent with the idea that increasing
cutting depth can have a positive impact on lattice

stability, even at a lower spindle speed.

0.016
Sample A
s 0.0 0.001
W B v=0.0225x+ 0.
S 0.008 T OR=0.8695
@
0 L
0 0.35 0.7
sin 8
0.014
Sample B
= ¥=0.0007x + 0.0098
80.007 | R =0.0035
--8
|} L
0 0.35 0.7
sin 6
0.016
Sample C
< 0.0225x + 0.002
" | v=0.0225x + 0.002
3 0.008 R*=10.9979
=
0 L
0 0.35 0.7
sin 0
0.014
Sample D
-] v=0.0092x + 0.0068
g 0.007 R*=0583
@
0 'l L L
0 0.35 0.7
sin 0

Fig. 3. Williamson-Hall diagrams of samples A, B, C and D.
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Regarding the alpha phase percentage, Sample C
(0.01 mm) had an alpha phase percentage of 63.91%,
while Sample D (0.12 mm) had a slightly higher alpha
phase percentage of 65.22%. Both Samples C and D
exhibited lower alpha phase percentages compared to the
as-received sample's alpha phase percentage of 82.48%.
These findings suggest that increasing the cutting depth
at a constant spindle speed of 500 rpm may lead to a
decrease in the alpha phase, similar to what was
observed in the 1000 rpm case. However, the effect was
not as pronounced, indicating that spindle speed played
a more prominent role in influencing the phase
composition in such conditions.

In summary, the analysis of Samples C and D
demonstrates that varying the cutting depth at a constant
spindle speed of 500 rpm has notable effects on material
properties, including crystallite size, microstrain, and
phase composition. While changes in cutting depth still
led to alterations in these properties, the effects were
milder compared to the 1000 rpm case. Increasing
cutting depth at a lower spindle speed can still contribute
to reduced lattice distortions and a more stable
crystalline structure, with only a modest impact on phase
composition. These findings provide valuable insights
for materials processing and optimization.

Samples A and B, machined at 1000 rpm with
different cutting depths (0.01 mm and 0.12 mm,
exhibited
crystallite size. Sample B, with the deeper cutting depth,

respectively), significant deviations in
displayed a substantial reduction in crystallite size
compared to the as-received sample, indicating a
pronounced grain refinement effect. In contrast, Samples
C and D, machined at 500 rpm with the same cutting
depth variations, also showed deviations in crystallite
size, but the changes were less pronounced than in the
1000 rpm case. This suggests that there is an interaction
between the effects of the two considered machining
parameters on the crystallite size (Fig. 4(a)).

In both sets of samples (A and B at 1000 rpm, C and
D at 500 rpm), increasing the cutting depth led to a
reduction in microstrain. This indicates that deeper cuts,
regardless of the spindle speed, contributed to reduced

lattice distortions and a more stable crystalline structure.
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The reduction in microstrain was more pronounced in
Sample B (1000 rpm) with the deeper cut, implying that
higher spindle speed combined with increased cutting
depth had a more significant effect on lattice stability.
This suggests that there is an interaction between the
effects of the two considered machining parameters on
the microstrain (Fig. 4(b)).

The dislocation density can also be calculated using

the parameters derived from Eq. (1), according to Egs.

(3) to (5) [18]:

p = (p X ps)i/? 3)
3
Pp =132 4)
6me2
b= ©)

In Eq. (3), p represents the dislocation density, pp, the
dislocation density due to crystallite size, ps the
dislocation density due to microstrain. In Eq. (4), D
represents crystallite size, and in Eq. (5), € is the strain
and b is Burger's vector. The dislocation density of the
samples, assuming a Burger's vector b = 0.286 nm, was
calculated according to Egs. (3) to (5) and the values are
reported in Table 4. Fig. 5 shows the effect of spindle
rotation speed at different cutting depth on the
dislocation density, which shows the interaction between
two machining parameters.

Dislocation density is a critical parameter in the
structural characterization of dental implants, and its
variations can have implications for the longevity and
osseointegration of the implants. In our study, the
expression of dislocation density for different samples
serves as a crucial indicator of the internal structural
changes induced by machining parameters.

The observed differences in dislocation density
between samples may correspond to variations in
mechanical  properties. Previous research has
demonstrated that higher dislocation density can
influence the mechanical behavior of materials, affecting
factors such as hardness and ductility [19]. Therefore, an
increased dislocation density in a dental implant might

suggest alterations in its mechanical strength, which
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Fig. 4. Interaction plot for machining parameters effects of
(a) the crystallite size, (b) and microstrain.

Table 4. Dislocation density values

Sample A B C D
Dislocation
. 8.34E-05 0.007333  0.001358 0.005077
density
0.008
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Fig. 5. Interaction plot for machining parameters effects
of the dislocation density.
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could impact its resistance to wear and fatigue.

The Longevity in dental implants is often associated
with their ability to withstand mechanical stresses over
an extended period. If an increase in dislocation density
correlates with an increase in mechanical strength, it
could potentially lead to an increase in the overall
lifespan of the implant. This emphasizes the importance
of optimizing machining parameters to adjust
dislocation density, ensuring the implant's long-term
structural integrity.

Osseointegration, the direct structural and functional
connection between the living bone and the surface of a
load-bearing implant, is crucial for the success of dental
implants. While the direct link between dislocation
density and osseointegration may not be well-
established in the literature, studies have shown that the
surface characteristics and mechanical properties of
implants can influence the osseointegration process [20].
Therefore, it is plausible that variations in dislocation
density, reflecting changes in the implant's
microstructure, may indirectly affect osseointegration by
influencing factors such as surface roughness and
mechanical stability.

To further elucidate the relationship between
dislocation densities and implant performance, future
research could incorporate in vitro or in Vivo
assessments. These studies could evaluate the impact of
dislocation density on factors like bacterial adhesion,
inflammatory response, and bone-to-implant contact.
Exploring these aspects would contribute to a more
comprehensive understanding of how structural changes
manifest in the functional behavior of dental implants.

Eq. (2) was used to evaluate the texture changes
(texture parameter) resulting from the machining process
on the samples. A T.P value of 1 indicates that no
changes have occurred in the crystalline texture of the
material due to deformation. The more the calculated T.P
deviates from 1, the more significant the changes in the
crystalline texture are. A sample that did not undergo a
machining process (as-received sample) was used as the
reference sample. The texture parameter was calculated
for the peaks identified in Fig. 2. Fig. 6 shows the values

of the texture parameter for samples A, B, C, and D in
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different crystallographic planes. According to Fig. 6,
the different T.P values (both less than and greater than
1) indicate that the texture has been changed as a result

of the machining process.

1.4 F —E—sample A
—8—sample B

g \/ \7 7

0.8
0.7 |

0.6 |

(100) (110) (101) (102) (110) (103) (112) (004)

crystal planes
1.3

—=— sample C
—&— sample D
1.2 |

L1k

09

0.8

0.7 ] 1 1 1 1 1 1 1
00) 110y (101)  (102)  (110)  (103) (112)  (004)

crystal planes

Fig. 6. Texture parameter versus crystal planes for the
samples produced by different machining parameters.

4. Conclusion

The study has provided valuable insights into the
impact of machining parameters on the structural
changes of dental implants made from bio-titanium
alloy. The key findings from the study are:

e The machining process and parameter changes led
to a decrease in the peak intensity of the p phase in
all four studied samples compared to the as-
received sample, with significant decreases
observed in samples A and C. The peak positions
also shifted slightly to the left.

. The intensity of the o phase peaks for samples A

and C was lower than that in the as-received
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sample, and the peak positions were altered.
However, the intensity of the o phase for samples
B and D remained almost unchanged.

e  Adjusting the cutting depth while maintaining a
constant spindle speed significantly alters the
material properties, including crystallite size,
microstrain, and phase composition. Specifically,
deeper cuts result in smaller crystallite sizes,
reduced lattice distortions, and a preference for the
alpha phase.

e  Both sets of samples (A and B at 1000 rpm, C and
D at 500 rpm) showed that increasing the cutting
depth led to reduced lattice distortions and a more
stable crystalline structure. However, the reduction
in microstrain was more pronounced at higher
spindle speeds.

e  These findings suggest that there is an interaction
between the spindle speed and cutting depth on
both crystallite size and microstrain, with higher
spindle speeds and deeper cuts having more
significant effects. Moreover, increasing the
cutting depth at a constant spindle speed led to a
reduction in lattice distortions and a decrease in the
alpha phase. This suggests that spindle speed plays
a prominent role in influencing phase composition.

In conclusion, this study provides valuable insights
into how machining parameters can be optimized to
achieve desired material characteristics. The findings
highlight the importance of considering both spindle
speed and cutting depth when machining bio-titanium
dental implants. Further research is needed to fully
understand these interactions and their implications for

implant performance and longevity.
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