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Surface roughness is a critical factor affecting the performance of dental implants. One approach to
influence this is through sandblasted, large grit, acid-etched (SLA) modification on pure titanium
implant surfaces. In this study, SLA was performed on grade IV pure titanium. Sandblasting was con-
ducted at distances of 2, 4, and 6 cm. Subsequently, the samples were etched with a mixed acid sol-
ution of HCl, H2SO4, and H2O for 0, 30, and 60 min. Surface roughness and X-ray diffraction (XRD)
characterizations were conducted on the samples. The results revealed that surface roughness
increased but was not too significant as the sandblasting distance decreased. Longer etching durations
for sandblasted with acid-etched samples led to reduced surface roughness (Sa and Sz). It was found
that a 60 min-etched sample resulted in optimal Sa, Sz, and Ssk values, i.e., 1.19 μm, 13.76 μm, and
−0.60, respectively. The XRD texture was significantly influenced by sandblasting, with compressive
residual stress increasing as the sandblasting distance decreased. Normal stress causes hill formations
at shorter sandblasting distances. For etched samples, the residual stress decreased with longer etching
durations. Normal stress-decreasing trend aligns with the initial reduction in hill and valley within the
samples and subsequent hill enhancement at extended etching duration.
© The Author(s), 2024. Published by Cambridge University Press on behalf of International Centre
for Diffraction Data.
[doi:10.1017/S0885715624000320]
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I. INTRODUCTION

Pure titanium has been widely used as raw materials for
bone and dental implants (Carlsson et al., 1986; Semlitsch,
1987; Buser et al., 1991; Donley and Gillette, 1991;
Klokkevold et al., 1997). Titanium possesses excellent bio-
compatibility, high mechanical strength, and exceptional cor-
rosion resistance. Surface roughness represents a significant
parameter for enhancing the performance of titanium-based
dental implants. Surface modification is a viable approach to
improving the roughness of titanium implants, and a com-
monly employed technique for this purpose is the combination
of sandblasting and acid-etching, known as SLA
(Sandblasted, Large grit, Acid-etched). This subtractive mod-
ification method offers the advantage of creating a highly
rough surface with nanometer-sized pores, facilitating
improved contact between the implant and the bone/tooth
host. Based on a Straumann AG patent, three 3D roughness
parameters (Sa, Sz, and Ssk) with values of 0.9 to 1.5 μm,
6.0 to 12.0 μm, and −0.3 to 0.5, respectively, are recom-
mended to optimize the performance of titanium-based
implants (Wennerberg and Albrektsson, 2009; Berner, 2016;

Medvedev et al., 2016). Sa is the arithmetic mean height of
the surface (μm), Sz is the maximum peak-to-valley distance
(μm), and Ssk is the symmetry of peaks and valleys distribu-
tion on the surface (unitless) (Monetta and Bellucci, 2012).
Furthermore, the SLA technique is known to induce compres-
sive residual stress on the modified implant surface, which
plays a crucial role in enhancing the implant’s fatigue resis-
tance and the contact between the surface of bone cells and
the titanium implant.

An abundance of literature discusses the effects of SLA
modification and its variations on the surface of pure titanium
implants. Until now, there has been a lack of literature discuss-
ing the influence of SLA, particularly concerning sandblasting
distances and acid-etching duration, on surface roughness and
crystallographic aspects such as texture/crystallographic ori-
entations and residual stress. For instance, Hung et al.
(2017) performed SLA modifications on pure titanium sur-
faces, where sandblasting and etching were carried out with
variations in sandblasting nozzle distance and etching duration
on the implants. However, in their research, no investigation
was conducted regarding the crystallographic aspects of the
surface, such as texture and residual stress. On the other
hand, Fintová et al. (2020) studied pure titanium’s texture
and residual stress after SLA modification. However, in their
research, no parameters of the SLA process were varied.
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This research aims to investigate the impact of SLA pro-
cesses on pure grade IV titanium samples, focusing on surface
roughness and crystallographic aspects, particularly texture
and residual stress. The study considers the effects of sand-
blasting distances and acid-etching duration as the key param-
eters. Subsequently, comprehensive 3D surface roughness and
X-ray diffraction (XRD) characterizations were performed on
the samples.

II. EXPERIMENTAL

A. Titanium sample preparation

Grade IV pure titanium plates for dental implants with
sizes 300 × 300 × 1 mm were obtained from Pudak
Scientific, Indonesia (Pudak Scientific, 2023). These were
cut into seven 10 × 40 × 1 mm plates with a MICRACUT
152 precision cutter from Metkon Instruments, Inc., Turkey
(Metkon Instruments Inc., 2023a). The cutter speed settings
were at 600 rpm with a cutting time of 3.15 min. The resulting
plates were then mounted on a mounting made of a 1:1 mix-
ture of locally sourced epoxy resin and an epoxy hardener
component. This was done all at once, with 8 h of curing
time. The mounted samples were then ground with a
FORCIPOL 202 metallographic grinding and polishing
machine from Metkon Instruments, Inc., Turkey (Metkon
Instruments Inc., 2023b). Grit 400, 600, 800, 1000, 1500,
and 2000 sandpaper were used in this process, with the grind-
ing speed and time being 250 rpm and 5 min, respectively, for
each sample. Ground samples were then polished with the
same instrument by using a soft velvet cloth, a Hyprez ©
Five-Star © diamond compound paste from Engis Corp.,
USA (Engis Corp., 2023), and an OP-U NonDry colloidal
silica suspension from Struers ApS, Denmark (Struers ApS,
2023). The polishing speed and time were 250 rpm and 5 min.

B. Titanium samples sandblasting and acid-etching

Grit 60 sandblasting was then applied to the prepared
samples. The sandblasting was done by using a Dry Injector
Sandblasting Machine Type 75 IN from Sandmaster AG,
Switzerland (Sandmaster AG, 2023a). The sandblasting mate-
rial used was Biloxit Bi60, made of >99.6% Al2O3, from
Sandmaster AG, Switzerland (Sandmaster AG, 2023b). The
sandblasting process was done at room temperature, i.e., at
22 to 25 °C, with the sandblaster nozzle pressure kept at
200 kPa for 60 s of sandblasting time. This constant nozzle
pressure and sandblasting time were chosen to ensure a uni-
form surface finish on all samples. The samples were later
numbered and categorized based on their variation of surface
treatments. The first group of samples, i.e., samples 1–3, were
sandblasted respectively at 6, 4, and 2 cm distances without a

follow-on acid-etching process. The 6, 4, and 2 cm distances
were taken to observe changes in the sample’s characterization
results incrementally. The 4 cm distance was chosen as the
constant sandblasting distance for group 2 samples because
it is a median value between 2 and 6 cm and thus represents
a good compromise between the two extremes. Also, there
is no significant difference between the sample’s roughness
parameters, as will be shown later. After sandblasting at a
4 cm distance, acid etching was conducted on the second
group of samples (samples 4 and 5) for 30 and 60 min, respec-
tively. This group was compared with the 4 cm sample with-
out etching from the first group. The etching treatment uses a
1: 8: 1 mixture of HCl: H2SO4: H2O and was done at room,
warm, and boiling temperature conditions of 25, 75, and
105 °C, respectively. Next, Table I lists the group of samples
and their sandblasting and acid-etching variations. Figures
1(a) and 1(b), respectively, illustrate the sandblasting-only
and sandblasting followed by acid-etching (SLA) treatments
on group 1 and group 2 samples.

C. Titanium sample characterizations

Two types of characterizations were conducted on the
samples after modifying the sample surface with sandblasting
and SLA. The first characterization involves assessing the sur-
face roughness of the samples by using a confocal laser micro-
scope. The objective was to analyze the SLA process’s impact
on the pure titanium surface profile. At the same time, the sec-
ond characterization is an XRD analysis of texture and resid-
ual stress. This investigation aimed to explore surface
modification effects from a crystallographic perspective, spe-
cifically focusing on the variations in sandblasting distance
and acid-etching duration.

D. Titanium samples roughness characterizations

The sample roughness characterizations were done with a
VK-X1000 3D laser scanning confocal microscope from
Keyence Corp., USA (Keyence Corp., 2023). Imaging was
done by using a 3D mapping method based on analytical geom-
etry with an iridium-based laser source. Images with 50, 100,
200, 500, and 1000× magnification were taken for each sample.
However, for roughness, 500× magnification was used as this
allowed for large surface area imaging while still being able
to observe the sample’s topographic details. The surface area
size for these characterizations is 338.284,9 μm². Captured
images were then processed with the instrument’s analytical
software under a laser-differential interference contrast (DIC)
processing mode. The roughness characterization involves Sa,
Sz, and Ssk measurements with regard to the experimental
parameters taken across the entire surface area. Also,

TABLE I. Summary of Grade IV titanium samples sandblasting-only and sandblasting followed by acid-etching surface treatment variations.

Sample
groups

Sample
No.

Sandblasting nozzle pressure
(kPa)

Sandblasting duration
(s)

Sample distances from sandblasting
nozzle (cm)

Acid-etching duration
(min)

First 1 200 60 6 N/A
2 200 60 4 N/A
3 200 60 2 N/A

Second 4 200 60 4 30
5 200 60 4 60
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Straumann AG’s patent provides the recommended Sa, Sz, and
Ssk values for achieving optimal performance in titanium-based
implants. This study also incorporates other types of roughness,
i.e., Sz and Ssk, in order to comprehensively represent surface
roughness. If Ssk < 0, the surface is dominated by valleys com-
pared to peaks, and vice versa if Ssk > 0. Finally, the displayed
500× surface roughness visualization is referenced to Sz mea-
surements since it can also serve as the sample’s absolute sur-
face height reference.

E. Titanium samples XRD characterizations

Data were obtained on a Bruker D8 Advance Eco diffrac-
tometer with Cu-Kα beam source (1.54 Å). The source tube
operates at 40 kV/25 mA, with primary and secondary soller
slit of 2.5°, variable divergence slit optics setup with an illu-
mination area of 15 mm and LYNXEYE-XET position-
sensitive detector without Kβ filter attached. Texture diffrac-
tion patterns are collected in the 2θ range 30°–100° step size
of 0.02° and azimuth angle (w) range 0°–90° step size of
10°. The collected texture data were processed with MAUD
software by using harmonic texture with �1 symmetry and
Popa-rules models for the microstructure (Lutterotti et al.,
2004). The resulting pole plots displayed the stereographic
projection of [10�10], [0002], and [10�13] orientations. The
three orientations were chosen because changes in their corre-
sponding peak intensities were the highest compared to peak
changes from other orientations. As for inverse pole plots,
three reference frames were used for each parameter variation,
i.e., normal (ND), transverse (TD), and rolling direction (RD).
The sample’s ND, RD, and TD plots showed the projections
of the [0001], [10�10], and [2�1�10] planes, respectively. The
three planes are parallel to their respective reference frames.
For pure titanium with a hexagonal close-packed (HCP) crys-
tal structure PDF 00-044-1294 [Sailer and McCarthy (1993)],
the primary slip planes are the basal [0001], prismatic [10�10],

and pyramidic [10�11] planes, all with a slip direction of [11�20]
relative to the planes. The resulting pole and inverse plots
were compared with regard to variations in sandblasting dis-
tance and acid-etching duration.

Residual stress diffraction patterns are collected in the 2θ
range 135°–145° with a step size of 0.04°, tilt angle (ψ) range
−45° to +45° with a step size of 11.25°, and azimuth angle (w)
range 0° and 90°. The resulting sample strain (1hklwc) from the
peaks was found by first varying the sample’s diffracted
peak intensities (in counts) plots at 2θ = 139° and ψ values
of 0, 11.5, 22.5, 33.75, and 45°, and the reverse (−11.5,
−22.5, etc.). The 2θ of 139° was chosen as the recommended
value from the ASTM E2860-12 standard for titanium or
titanium-based (ASTM International, 2023). At the same
time, the previous ψ values were chosen to perform a gradual
increasing and decreasing ψ scan of the sample’s grain accord-
ing to the instrument configuration. The collected residual
stress data were then analyzed with Bruker Diffrac. Leptos
software was used to evaluate the data by using sliding gravity
peak evaluation and a normal + shear stress model (Bruker
AXS GmbH., 2009). Residual stress determination was then
repeated for each sandblasting distance parameter and etching
duration. Supplementary A provides the equations used for
constructing the samples pole, inverse pole, resulting strain
(1hklwc) vs ψ plots, as well as for residual stress determination,
including its normal and shear stress components.
Furthermore, the peak intensity results for group 1 and
group 2 samples are also provided in the same section.

III. RESULTS AND DISCUSSION

A. Titanium samples roughness characterizations

The Sa, Sz, and Ssk roughness results for group 1 and
group 2 samples are presented sequentially in the following
manner: first, they are showcased through a 3D contour

Figure 1. (Color online) Illustrations of (a) sandblasting-only treatment with biloxit Bi60 made of >99.6% Al2O3 on group 1 sample’s surface and (b)
sandblasting followed by acid-etching with a 1: 8: 1 mixture of HCl: H2SO4: H2O on group 2 surface.
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visualization of the Sz surface roughness in Figures 2(a)–2(c)
and 3(a)–3(c). Then, the roughness measurement results are
listed in Table II. Finally, each roughness parameter is plotted
with regard to the experimental parameter variations, as seen
in Figures 4(a) and 4(b).

From Figures 2(a)–2(c) results, the areas exhibiting a
color gradation from green to yellow and then red represent
the regions affected by sandblasting, which indicates the pres-
ence of hills and valleys distributed irregularly. The color gra-
dation further intensifies as the features rise in elevation.
These features material composition or phases are likely a
mixture of sandblasting material, titanium, and other com-
pounds present during the sandblasting process. The qualita-
tive phases of the material are identified in the
supplementary section. From Figures 3(b) and 3(c) results, it
is evident that with an extended etching duration, the regions
affected by both sandblasting and etching exhibit a prominent
rise in hill features (indicated by the red color). This effect is
particularly pronounced when contrasted with samples that
underwent no etching (0 min etching), as in Figure 3(a).
Furthermore, the hill features within the etched regions dem-
onstrate a relatively uniform distribution in contrast to the
areas of the sample treated solely with sandblasting.

From Table II and Figure 4(a), the group 1 sample’s Sa
and Sz roughness values tend to increase as the sandblasting
distance is reduced. Meanwhile, Ssk shows a shift toward pos-
itive values and subsequently increases further as the sand-
blasting distance decreases. In addition, the values of Sa, Sz,
and Ssk do not vary too significantly with sandblasting dis-
tance. Thus, the roughness results justify using a constant
sandblasting distance of 4 cm for etched samples. The com-
bined trends, along with the findings depicted in Figures
2(a)–2(c), indicate that the sample’s surface is initially marked
by hills interspersed with deep valleys, which subsequently
transform a more hilly terrain when exposed to a sandblasting
distance of 2 cm. As the sandblasting distance decreases, the
sandblasting particles increasingly envelop the remaining val-
leys, ultimately creating the rugged features observed on the
surface. The trend observed in Table II and Figure 4(a),
along with the findings depicted in Figures 2(a)–2(c), aligns
with earlier findings documented in existing literature (Jiang
et al., 2006; Iwaya et al., 2008; Pazos et al., 2010; Sadrkhah
et al., 2023).

From Table II and Figure 4(b), group 2 Sa and Sz rough-
ness values indicate a trend of decreasing roughness as the
etching duration increases from 0 to 30 and then to 60 min.

Figure 2. (Color online) 3D contour visualization of sandblasted-only samples (group 1) Sz roughness at sandblasting distances of (a) 6, (b) 4, and (c) 2 cm.
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Meanwhile, Ssk experiences a shift toward a more negative
value as the etching duration increases. The trends of Sa, Sz,
and Ssk indicate that hills and valleys predominantly charac-
terize the initial surface characteristics of the sample.
However, as the etching process duration increases, these
characteristics undergo a notable shift, leading to a marked
elevation in hill features and a simultaneous emergence of
more profound valleys. Regarding Figures 3(a) and 3(b), the
reduced area due to etching is also accompanied by a decrease
in roughness. These trends align with findings reported in the
literature (Kim et al., 2008). Finally, sample number 5, with an

etching duration of 60 min, shows Sa, Sz, and Ssk values that
closely approximate the Sa, Sz, and Ssk values outlined in the
Straumann patent previously.

B. Titanium samples crystallographic texture

measurements with XRD

The crystallographic texture characterization results for
both group 1 and group 2 surfaces, including the slip plane
and reference direction parallel to the texture orientation, are
presented in the form of 3D structures in HCP pole and inverse

Figure 3. (Color online) 3D contour visualization of 4 cm sandblasted followed by acid-etched samples (group 2) Sz roughness at (a) 0, (b) 30, and (c) 60 min
etching durations.

TABLE II. Summary of sandblasted-only (group 1) and sandblasted followed by acid-etching (group 2) samples Sa, Sz, and Ssk results.

Sample groups Sample No.
Sample distances from
sandblasting nozzle (cm) Acid-etching duration (min) Sa Sz Ssk

First 1 6 N/A 1.49 ± 0.02 17.74 ± 0.96 −0.43 ± 0.01
2 4 N/A 1.82 ± 0.02 19.54 ± 1.31 −0.03 ± 0.01
3 2 N/A 1.59 ± 0.01 20.53 ± 1.61 −0.14 ± 0.04

Second 4 4 30 1.35 ± 0.01 16.36 ± 1.24 −0.44 ± 0.01
5 4 60 1.19 ± 0.01 13.76 ± 0.70 −0.60 ± 0.04

These include the sample’s sandblasting and acid-etching treatment variations.
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pole figures in Figures 5(a)–5(d) and 6(a)–6(c). Both groups’
plots varied with regard to the experimental parameters.

From Figure 5(b) pole plot, it is evident that the [10�10],
[0002], and [10�13] orientations of group 1 are either posi-
tioned parallel or at certain angles with respect to the sand-
blasting direction. Here, the most significant orientation
intensities were the middle red [0002] and orange [10�13] con-
tours which show intensities of approximately ∼1.4 and
1.2 mrd, respectively. Hence, both planes are significantly
impacted by sandblasting, with the [10�13] intensity being
lower than [0002] due to its non-parallel position with respect
to the (sandblasting) spray direction. The orientations identi-
fied in Supplementary B of the supplementary section corre-
spond to the presence of titanium and corundum (Al2O3)
PDF 00-046-1212 [Huang et al. (1989)] compounds. This
observation is further corroborated by the inverse pole plot
in Figure 5(b), where the ND central contour (in red) and
the TD edge contour (in yellow) indicate high orientation
intensities of approximately ∼1.2 and 1.1 mrd, respectively.
Here, since [10�13] is at a specific angle with respect to
[2�1�10] in TD, the intensity of [10�13] can still be observed,
although smaller than [0002].

Furthermore, because [0002] is parallel to the [0001] slip
plane, sandblasting will create hills in the [0002] orientation.
This occurs as atoms in the orientation undergo shifts in the
[1�120] direction. The same phenomenon is also observed at

the [10�13] orientation; however, the hills created in this orien-
tation are smaller than those in the [0002] orientation. In addi-
tion, although [10�10] is its own slip plane, the hills created
here are even less significant compared to those in [0002]
and [10�13]. This is due to reduced sandblasting impact in
[10�10] compared to [0002] and [10�13], since [10�10] is likely
normal with respect to the sandblasting direction. Hence, the
orientation intensities in Figures 5(b)–5(d) correspond to the
increased hill intensities (marked by red and orange colors)
that are present during the sandblasting procedure.

As the sandblasting distance decreases, the dominant hill
intensities in the [0002] and [10�13] planes [Figures 5(b)–5(d)]
become more pronounced. This transition is highlighted by
the consistent [0002] and [10�13] orientation intensities and
color depicted in Figures 5(b)–5(d), accompanied by an
increase in the hill intensities of [10�10] planes, as the sand-
blasting distance decreases. This can be seen in the red part
of [0001] ND and the yellow edge of [2�1�10] TD inverse
pole plot. While for [10�10], the transformation is evident in
the cyan part of [10�10] RD inverse pole plot that changes
into a near-yellow hue as the sandblasting distance decreases.
Thus, as the sandblasting distance decreases, the sandblasting
process begins to impact orientations perpendicular to the
sandblasting direction. Also, decreasing sandblasting distance
likely correlates with an increased presence of corundum com-
pounds from the material due to stronger hill intensities
observed in the [0002] and [10�13] planes. In terms of rough-
ness characterization results, group 1 samples show increased
hill intensities with decreasing sandblasting distance due to
atomic shifts in impacted orientations.

From group 2 texture results, the sample’s pole and inverse
pole plots with 0 min etching duration and sandblasting dis-
tance of 4 cm [Figure 6(a)] serve as a reference texture for
group 2 analysis. For a 30 min-etched sample [Figure 6(b)], it
can be seen that the impacted area has shifted to other planes
positioned at certain angles with respect to the [0002] orienta-
tion. In addition, the impacted area is not parallel to [10�13],
where the area itself appears to be significantly reduced. This
is evident from the change of color in the [0002] plane central
contour to dark blue and the reduction in [10�13] intensity, with
the plane’s intensities becoming ∼0.8 and ∼1.1 mrd, respec-
tively. Also, sandblasting with etching appears to have affected
the [10�10] plane, as shown by the shift in its central contour
color from dark blue to yellow. Moreover, the [10�10] plane
intensities experienced an increase from ∼0.8 to ∼1.1 mrd.
These changes are particularly evident when compared to the
Figure 6(a) sample. The impact of sandblasting with etching
is further corroborated in the inverse pole plot of Figure 6(b),
showing changes in color and a decrease in orientation intensity
in the ND and RD central contour, as well as in the TD plot’s
edge. The ND plot also suggests a shift in the impacted area
from the [0002] to the [�1120] family of planes, encompassing
[�1�120], [1�120], and [1120] planes.

For a 60 min-etched sample [Figure 6(c)], the impacted
area is seen to extend from the [0002] plane central contour
to other planes positioned at certain angles with respect to
[0002]. This is due to a notable increase in orientation inten-
sities at both positions, reaching 2.5 to 3.5 mrd, with a change
in color to an orange hue. Meanwhile, the [10�10] orientation
undergoes further reduction during the etching process, indi-
cated by the shift in the plane’s middle contour color from yel-
low to dark blue, along with a decrease in intensity from ∼1.1

Figure 4. (Color online) The Sa (black square), Sz (red circle), and Ssk (blue
triangle) roughness plot of (a) group 1 samples (sandblasting-only) with
respect to sandblasting distances of 6, 4, and 2 cm, and (b) group 2 samples
(sandblasting followed by etching) with respect to 0, 30, and 60 min
etching durations, at a sandblasting distance of 4 cm.

211 Powder Diffr., Vol. 39, No. 4, December 2024 Optimizing surface properties in pure titanium for dental implants 211

https://doi.org/10.1017/S0885715624000320 Published online by Cambridge University Press

https://doi.org/10.1017/S0885715624000320


to ∼0.5 mrd. In addition, the impacted area is relatively paral-
lel to the [10�13] plane. Hence, there is an increase in intensity
to 3.5 mrd and a color change to red compared to the previous
etching duration. The effect of prolonged etching duration is
evident in Figure 6(c) inverse pole plot. The ND central con-
tour shows a color change and a similar intensity increase seen
in the sample’s pole plot. On the other hand, the RD and TD
edge contour experience a color change to light blue, accom-
panied by a decrease in intensity values to 1.5 mrd. Note that
with extended etching duration, the impacted area elongation
in [0002] will influence the [�1120] family of planes as in the
previous duration, with the impacted area having shifted or
no longer present in the TD.

To conclude, in Figure 6(b), after sandblasting and a
30-min etching process, the etching solution will first reduce
the hill and valley features parallel to the [0002] plane and
then shift the impacted area to the [�1120] family of planes.
Meanwhile, sandblasting with etching will also reduce the
hill features in [10�10] plane. The [10�10] slip system serves
as its own slip plane, and hill feature reduction occurs by
way of atomic shift within this system. In addition, etching
will also reduce the hill and valley features in the [10�13]
plane and the impacted area is on the verge of shifting to
other orientations. From Figure 6(c), when the etching dura-
tion is further increased, the etching solution enhances the

hill features while simultaneously giving rise to deep valley
characteristics, aligning in parallel with [0002] and [�1120] ori-
entations. The increased etching duration similarly applies to
the hill enhancement process that occurred on the [0002]
and the [10�13] planes. These results can be used to explain
the surface roughness trends and features of group 2 samples.
At an etching duration of 0 min and a sandblasting distance of
4 cm, the corundum compound is still present, as evidenced by
stronger hill intensities observed in the [0002] and [10�13]
planes. However, these intensities decrease significantly with
longer etching durations. Conversely, a new phase, titanium
hydride (TiH2) PDF 01-080-2507 [Kalita et al. (2010)] gradu-
ally appears, correlating with the shift in dominant orientation
from the [0002] plane to the [�1120] plane. Overall, group 1
and 2 pole and inverse pole plot characteristics have been
reported in previous literature (Fintová et al., 2020). The sur-
face feature reduction process in Figures 6(a)–6(c) with vary-
ing etching durations also aligns with the findings reported in
previous literature (Yi et al., 2022).

C. Titanium samples residual stress from XRD

characterizations

The residual stress characterization results for group 1 and
2 samples are displayed in Figures 7 and 8 as plots of 1hklwc vs

Figure 5. (Color online) (a) illustrations of the basal [0001], prismatic [10�10], and pyramidic [10�11] slip planes with the corresponding slip direction [1�120]
parallel to the planes. The pole (top circle) and inverse pole (bottom triangle) plots are depicted for sandblasted-only (group 1) samples at sandblasting
distances of (b) 6, (c) 4, and (d) 2 cm. The pole’s orientation plane is [10�10], [0002], and [10�13], respectively. Meanwhile, the inverse pole plots reference
frame consists of the normal (ND), transverse (TD), and rolling directions (RD), which are parallel to the [0001], [10�10], and [2�1�10] projections, respectively.
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sin2ψ, with regard to the experimental parameters variations.
From each plot, the sample’s normal and shear stress values
were then obtained and presented in Tables III and IV,
together with the related experimental parameters variations.

From Figure 7, the measured strain on the sample’s sur-
face is inversely proportional to the plot’s ψ angle. As the
resulting strain increases, the angle ψ used in the plot equation
also decreases. From the measured strain, the stress applied to

Figure 6. (Color online) The pole (top circle) and inverse pole plot (bottom triangle) of sandblasted followed by etched samples (group 2) with respect to (a) 0,
(b) 30, and (c) 60 min sandblasting duration at a sandblasting distance of 4 cm. The slip planes, orientation poles, reference frames, and projected planes in group 2
are the same as those in Figures 5(a)–5(d). Orientation shifts in (b) and (c) likely occur from [0002] in (a) to the [�1. 120] family of planes. Here, Figure 5(b) results
from group 1 serve as a comparison to the texture outcomes of group 2 samples.

Figure 7. (Color online) XRD results of 1hklwc strain vs sin2ψ plots: sandblasted-only or first sample group plots (in black) with respect to decreasing sandblasting
distances at (left) 6, (center) 4, and (right) 2 cm. The red plots are the black plot’s fitting curve.
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the surface (not shown in Figure 7) will be directly propor-
tional to ψ in the plot’s equation. This relationship between
strain and stress vs ψ applies to all variations of sandblasting
distances. It can also be seen in the plot that as the sandblast-
ing distance decreases, the normal stress component domi-
nates the residual stress on the surface of the group 1
sample. This occurs because the relationship between 1hklwc vs
sin2ψ in the plot becomes relatively linear at smaller sandblast-
ing distances. This is further confirmed by the normal and
shear stress values in Table III, where the normal stress is sig-
nificantly larger than the shear stress. In addition, with a
decrease in the sandblasting distance, the significant differ-
ence between the normal and shear stress values grows larger.
These results align with the changes in residual stress
observed in previous literature (Osak et al., 2021). Also, as
the sandblasting distance decreases, the shear stress decreases
as well. This is likely due to the tendency of the sandblasting
direction to be normal, rather than parallel, to the sample’s sur-
face. With regard to the sample’s surface roughness and tex-
ture results, the normal stress component of the residual
stress induces the formation of hills, which are then enhanced
as the sandblasting distance decreases.

From Figure 8, it can be seen that the plot features remain
consistent with those in Figure 7. This is also evident from the

normal and shear stress values in Table IV. The normal stress
value greatly surpasses the shear stress value, and the differ-
ence between normal and shear stress values slightly increases
from 0 to 30 min. At 60 min of etching, both normal and shear
stresses decrease, but the normal stress remains larger than the
shear stress. Therefore, Figure 8 plot exhibits a relatively lin-
ear trend as the etching duration increases, driven by the pre-
dominance of normal stress over shear stress values. From
Figure 8 and Table IV, as the etching duration increases, the
sandblasting with the etching process will reduce the normal
stress component on the group 2 sample’s surface. The normal
stress component of the residual stress decreasing trend aligns
with the initial reduction in hill and valley features within the
samples, and subsequent hill enhancement at extended etching
duration. This is consistent with residual stress changes in pre-
vious literature with regards to etching duration (Pazos et al.,
2010). In addition, the shear stress component of the sample
decreases as the etching duration lengthens. This can be attrib-
uted to the previous hill enhancement processes.

IV. CONCLUSION

This study addresses the influence of sandblasted, large-
grit, acid-etched (SLA) modification on the surface character-
istics of pure grade IV titanium, commonly used in dental and

Figure 8. (Color online) XRD results of 1hklwc strain vs sin2ψ plots: sandblasted with acid etched or second sample group plots (in black) with respect to increased
acid-etching duration from (left) 0, (center) 30, and (right) 60 min, at a constant sandblasting distance of 4 cm. The red plots are again the black plot’s fitting curve.

TABLE III. Summary of the residual stresses in the sandblasted-only or first
sample group normal and shear stress (in MPa) at a sandblasting distance of 6,
4, and 2 cm

Samples

Sample distances
from sandblasting
nozzle (cm)

Acid-etching
duration (min)

Normal
stress
(MPa)

Shear
stress
(MPa)

1 6 N/A −220.9 ±
12.6

23.1 ± 3.1

2 4 N/A −250.1 ±
29.2

20.4 ± 7.1

3 2 N/A −268.5 ±
16.7

14.6 ± 4.1

Note that normal stress, being applied to the sample, is represented as a
negative (−) value, while shear stress is depicted as positive (+) since it
acts in the opposite direction compared to compressive stress.

TABLE IV. Summary of the second sample group normal and shear stress
(in MPa) with respect to increased acid-etching duration from 0, 30 to 60 min
at a constant sandblasting distance of 4 cm

Samples

Sample distances
from sandblasting
nozzle (cm)

Acid-etching
duration (min)

Normal
stress
(MPa)

Shear
stress
(MPa)

2 4 0 −250.1 ±
29.2

20.4 ± 7.1

4 4 30 −258.4 ±
12.7

22.1 ± 3.1

5 4 60 −214.6 ±
15.5

11.4 ± 3.8

Note again that normal stress is stated as a (−) value, while shear stress is
expressed as a (+) value.
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bone implants. Enhanced surface roughness is vital for
implant performance, and SLA offers a promising approach
by creating an optimum rough surface. The investigation
uniquely considers the joint impact of sandblasting distances
and acid-etching duration on surface roughness and crystallo-
graphic features. Conducting comprehensive 3D surface
roughness and XRD characterizations bridges the gap in
prior research by examining modification parameters and crys-
tallographic aspects. Crystallographic texture analysis indi-
cated that sandblasting influenced slip planes, which
affected orientation intensities. Combined with etching, varied
roughness, and texture outcomes are produced based on the
etching duration. The residual stress analysis supported
these findings, showing the dominance of surface modifica-
tion. The results contribute to a comprehensive understanding
of these techniques for titanium applications on implant sur-
faces, offering potential advances in implantology techniques.
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