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Dental implants are widely
used to replace missing teeth.'
In direct-to-implant restora-
tions, implant and abutment
are joined by the preload ob-
tained through the tightening
torque applied to the pros-
thetic screw” as illustrated in
Figure 1, providing the neces-
sary structural integrity to the
restoration.”® The recom-
mended torque value is pro-
vided by manufacturers based
on different implant design
factors.”

Clinical ~studies suggest
that the failure of implant
restorations is often induced
by fatigue because of the var-
iable load conditions during
their life span.'?"'*

These failures typically occur in the

Josu Aguirrebeitia, PhD*®

ABSTRACT

Statement of problem. Cold rolling is widely used for screw thread manufacturing in industry but
is less common in implant dentistry, where cutting is the preferred manufacturing method.

Purpose. The purpose of this in vitro study was to compare the surface finish and mechanical
performance of a specific model of prosthetic screw used for direct restorations manufactured
by thread rolling and cutting.

Material and methods. The thread profiles were measured in an optical measuring machine, the
residual stresses in an X-ray diffractometer, the surface finish in a scanning electron microscope,
and then fatigue and static load tests were carried out in a direct stress test bench according to
the International Organization for Standardization (ISO) 14801. Finally, linear regression models
and 95% interval confidence bands were calculated and compared through ANCOVA for fatigue
tests while the t test was used for statistical comparisons (2=.05).

Results. The surface finish was smoother, and compressive residual stresses were higher for the roll-
threaded screws. Linear regression models showed a fatigue life 9 times higher for roll-threaded
screws (P=1) without affecting static behavior, which showed statistically similar static strengths
(P=.54). However, the thread profile in the roll-threaded screws was not accurately reproduced,
but this should be easily corrected in future prototypes.

Conclusions. Rolling was demonstrated to be a better thread-manufacturing process for prosthetic
screws, producing improved surface quality and fatigue behavior. (J Prosthet Dent 2021;126:406.e1-e8)

these are less expensive than gold alloy screws while

prosthetic screw, with abutment or implant failures being
less common.'*'* The screw fracture is usually located at
the first thread engaged with the implant.”'® Under
given loading conditions, the number of cycles to fatigue
failure depends on several parameters, including
component dimensions, screw metricc material,
manufacturing processes, and preload level.'” Most
prosthetic screws are made of pure or alloyed titanium, as

having excellent biocompatibility, corrosion resistance,
machinability, and desirable physical and mechanical
properties.'®'” Two processes are widely used for screw
thread manufacturing in industry: cutting and cold roll-
ing. In thread cutting, material is removed from a cylin-
drical blank by machining, and in thread rolling, a
matched set of dies displaces material of the
manufacturing part to produce external threads on the

Supported by the Basque Government (Grant number 1T947-16).

?Doctoral student, Department of Mechanical Engineering, University of the Basque Country, Bilbao, Spain; and R&D Engineer, Biotechnology Institute | mas D S.L., Mifiano,

Spain.

®Associate Professor, Department of Mechanical Engineering, University of the Basque Country, Bilbao, Spain.
“Lecturer and Researcher, Department of Mechanical Engineering, University of the Basque Country, Bilbao, Spain.
9Associate Professor, Department of Mechanical Engineering, University of the Basque Country, Bilbao, Spain.
®Associate Professor, Department of Mechanical Engineering, University of the Basque Country, Bilbao, Spain.

406.el

THE JOURNAL OF PROSTHETIC DENTISTRY


http://crossmark.crossref.org/dialog/?doi=10.1016/j.prosdent.2021.06.035&domain=pdf

September 2021

406.e2

Clinical Implications

Thread rolling is a suitable manufacturing process
for prosthetic screw threads that significantly
enhances the fatigue performance of dental
restorations.

cylindrical blank in a cold forming operation with no
material losses.””

Thread rolling offers many benefits in terms of
manufacturing and mechanical behavior. The rolling
process is less time-consuming because the thread may
be obtained in a single pass*"?* with no need for sec-
ondary operations,”® which significantly increases pro-
ductivity** and reduces unit product cost.”' Regarding
mechanical behavior, the thread rolling process in-
troduces compressive residual stresses*® on the thread
surface, increasing hardness from strain hardening.”
Furthermore, as no material is removed, good grain
flow is obtained,”"”*” improving surface quality.”>*®
Consequently, rolled threads have been reported to
provide better fatigue results than cut threads.”"

Even though rolled threads are widely used in general
industry,”"**> they are less common in threaded pros-
thetic components, possibly because of the small screw
sizes. The purpose of the present work was to compare
both manufacturing techniques in a direct restoration
prosthetic screw in terms of thread profile, residual
stresses, surface finish, and fatigue and static mechanical
behavior. The hypothesis of this study was that rolled
threads would provide better mechanical response than
cut threads.

MATERIAL AND METHODS

The retaining screw studied (INTTUH; BTI Biotechnology
Institute) has been commonly used by the dental implant
manufacturer BTI (BTI Biotechnology Institute), with a
1.8-mm metric thread and with a tungsten carbide sur-
face treatment (Ti Black; BTI Biotechnology Institute) to
reduce the friction coefficient and maximize the preload
for a given tightening torque. Two batches of INTTUH
prosthetic screws were manufactured: one with cut
threads and the other with rolled threads. Most
machining operations were the same for both batches,
except for the diameter of blank material before thread-
ing, the turning speed, the feed rate, and the number of
passes during the thread-manufacturing process. For the
cut threads, a @1.8-mm blank was used, and 20 passes
were made at 5000 rpm with a 1750-mm/min feed rate.
For the rolled threads, a @1.5-mm blank was used, and
the final profile was obtained by 1 pass at 200 rpm with a
70-mm/min feed rate. In both operations, the same
commercially available lubricant was used (Blasomill 10;
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Figure 1. Assembly of single dental implant restoration.'”

Blaser Swisslube). For the measurements of the thread
profile, surface roughness, and compressive residual
stress, the coating was not added. Then, the prosthetic
screw was mounted in an implant (IPSCA4513; BTI
Biotechnology Institute) with a @4.5-mm body, a J4.1-
mm universal platform, and a titanium abutment (IN-
PPTU44; BTI Biotechnology Institute), as used for directly
attached implant-supported restorations, all provided by
the manufacturer. The static and fatigue failure tests were
carried out with a coated (Ti Black; BTI Biotechnology
Institute) screw. Figure 2 shows the assembly where,
following the recommendation of the manufacturer, a
tightening torque of 35 Nem was applied to the screw.
The retaining screw was made of Ti 6Al 4V ELI (Ti GR5),
while the implant and the abutment were made of Ti
CP4, the chemical composition of which is provided in
Table 1.

Cutting and rolling operations may cause slight
dimensional differences in the thread profile. Therefore, a
multisensor measuring machine (Zeiss O-Inspect 322;
Carl Zeiss Iberia, S.L.) was used to examine both thread
profiles and measure the thread parameters, including
the internal diameter, external diameter, pitch, and
thread angle for 1 specimen of each batch of thread rolled
and cut screws.
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Table 1. Chemical composition of materials used in implant and
prosthetic components

Ti 6Al 4V ELI (Ti GR5) Ti CP4
Composition Wt. % Composition Wt. %

Al 5.5-6.5 N(max) 0.05
INPPTU44 Abutment v 35745 Cmax) 0.08

Fe(max) 0.25 Fe(max) 0.5

O(max) 0.13 O(max) 04

C(max) 0.08 H(max) 0.0125

INTTUH Screw N(max) 0.05
H(max) 0.012

1IPSCA4513 Implant

Figure 2. Dental implant assembly: implant body, prosthetic screw, and
abutment."”

The surface roughness of 1 specimen of each batch
was measured with a scanning electron microscope
(Thermo Scientific Phenom ProX; ThermoFisher Scien-
tific/Paralab). Surface analyses were performed for a field
of view of 53.7 pm, and the results were provided after
Gaussian filtering (microroughness filter A,=20 nm and
waviness filter A=20 um).

The residual compressive stresses in the screw thread
surface were measured in 3 specimens for each
manufacturing technique (thread rolling and cutting) by
using a diffractometer (Bruker D8 Discover; Bruker)
equipped with a Chromium Point or Line Focus X-ray
tube, V filter (A=2.2911 A), PolyCapTM (1-um single
crystal cylinders) system for parallel beam generation
(divergence of 0.25 degrees), and a 1-D detector (Lyn-
xEye; Bruker) with active length in 20 2.7 degrees. The
twist X-ray tubes allowed for the quick selection change
between point and line focus.?>** The prosthetic screws
were mounted on an Eulerian Cradle with an automati-
cally controlled X-Y-Z stage. Data were collected from 59
to 64.2 degrees 20 (step size=0.05 and time per step=7.5
seconds). Strain values in side inclination mode were
recorded for different specimen tilt angles (0, 18.4, 26.6,
33.2, 39.2, 45.0, 50.8, and 56.8 degrees) at constant azi-
muth angles phi. Strain-Sin2 ¢ was plotted to estimate
the stress values. In order to acquire a complete evalua-
tion, at least 6 measurements were needed on the Strain-
Sin2 ¢ plot by using 3 different values of phi, and 0, 45,
and 90 degrees were chosen in negative and positive
values. Stress was evaluated from strain values by using
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Wt. %, weight percentage.

Figure 3. Diffractometer: general view and detail of specimen.

the Young modulus E (111982 MPa) and Poisson ratio v
(0.330) and by taking into consideration the elastic con-
stants s1 (-2.947x10°) and % s2 (1.188x107°) of the
material. A single peak (101), available at 61.4 value of
20, was used for the analysis. The obtained results were
adjusted by using a software program (Leptos 7.03;
Bruker AXS GmbH). The data were corrected for ab-
sorption, background (5 points at edges), polarization,
smoothness, and K alpha2 subtraction, and the peak
evaluation was fitted by the Pearson VII function. The
determined values were obtained by using a biaxial mode
with the Psi splitting function because of the shear stress
components. Figure 3 shows the experimental design.
The dental implant assembly (Fig. 2) was tested under
static and cyclic loading conditions to evaluate its me-
chanical strength. A direct stress fatigue test bench (E
3000 Electropuls; Instron) with a +5-kN load range load
cell (DYNACELL 2527-153; Instron) was used. Tests
were carried out in accordance with the International
Organization for Standardization (ISO) 14801 Stan-
dard,” which established the test conditions for dental
implant fatigue tests. In brief, the implant was fixed in a
rigid clamping device with the implant extending 3 mm
from the specimen holder and with the load applied at 8
mm from the implant-abutment connection with an
inclination of 30 degrees with respect to the implant axis.

Armentia et al
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Figure 4. Thread profile. A, Cut thread. B, Rolled thread. Original magnification x150.

For fatigue tests, the load varied sinusoidally between
the test load and 10% of this value (R0.1) with a fre-
quency not higher than 15 Hz, and the number of cycles
to failure was reported. Thus, the curve that related the
applied force with the number of cycles was obtained. For
such purpose, a total of 24 fatigue tests were performed
fulfilling ISO 14801 requirements: 9 tests at 3 different
load levels (3 specimens per load level) for cut threads
and 15 tests at 3 different load levels (5 specimens per
load level) for rolled threads because a longer fatigue life
and consequently more scatter were expected.”® The cut
thread tests had been previously published.'” However,
both tests were carried out at the same fatigue tests
bench and in the same period, making the results com-
parable. For the static tests, the load was quasistatically
incremented until collapse, and the collapse load was
reported as a result. Five specimens were tested for both
cut and rolled threads. For the statistical analysis of the
results, ANCOVA was used to compare linear regression
models from fatigue data, and a t test (¢=.05) was used to
compare static strength.

RESULTS

Figure 4 shows the profiles of the rolled and cut threads.
Table 2 presents the dimensions obtained from both
manufacturing processes: the external diameter ey, the
internal diameter Ty, the pitch p, and the angle of the
thread profile a. Unlike cut threads, where thread crests
were parallel to the longitudinal axis of the screw, rolled
thread crests showed a different shape. Thus, 2 values of
the external diameter were measured in this case:
maximum and minimum. The equivalent stress area A,,
which is the effective resistance area for threaded sec-
tions,®” was calculated as in a previous study.'” Cut
threads showed an equivalent tensile stress area of 1.37
mm?, while rolled threads showed 1.50 mm?.

Figure 5 shows the surface roughness obtained from
both manufacturing processes. The cutting process
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Table 2. Dimensions of thread profile (N=1)

Thread Type Dexe (Mm) Dint (mm) Pitch (mm) « (degrees)
Cut thread 1.74 1.24 0.35 60.5
Rolled thread 1.69/1.60 1.30 0.35 58.8

«, angle of the thread profile; @ey, external diameter; @, internal diameter.

removed material, leaving transverse lines from the
irregular shape of the turning insert caused by wear and
the several passes used in this manufacturing process. In
contrast, material flow was seen with the rolling process,
indicating that material was formed rather than removed.
Table 3 gives the results of the surface roughness mea-
surements: Area roughness average S, was obtained for
the whole field of view, while roughness average R, and
mean roughness depth R, of a path perpendicular to the
cutting or rolling direction were calculated.

Table 4 shows the compressive residual stresses in the
longitudinal direction of the screw. The specimen ge-
ometry (screw thread) and the material absorption
generated high standard errors in the measurements, a
consequence of a high dispersion of the measured data.
Nevertheless, the measurements confirmed, at least
qualitatively, that thread rolling introduced considerably
higher compressive loads than thread cutting.

As a result of the fatigue tests, a curve was obtained
that related the applied cyclic load magnitude with the
number of cycles to fatigue failure. The curve for a dental
implant with cut-threaded screw has been previously
published in a study'” where 9 experimental tests were
performed at 3 different load levels: 325, 350, and 375 N.
In the present work, the same tests were carried out with
roll-threaded screws. For this experiment, 15 specimens
were tested (5 tests at each load level) because larger
fatigue life and, consequently, more scatter were ex-
pected.”® Figure 6 shows the experimental results along
with the linear models log(F)-log(cycles) and 95% con-
fidence bands according to the ASTM E-739 Standard.*®
Even though linear regression models were obtained
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Figure 5. Surface roughness measurements. A, Cut thread. B, Rolled thread. Original magnification x5000.

Table 3. Surface roughness parameters (N=1)

Table 4. Mean values and standard errors of compressive residual

Thread Type S, (nm) R, (nm) R, (um) stresses in threaded area
Cut thread 430 446 1.95 Residual Stresses (MPa)
Rolled thread 333 434 1.83 N=48 (per Test) Cut Thread Rolled Thread
Ra, roughness average; R,, mean roughness depth; S,, area roughness average. Test 1 281.5 £136.1 569.5 +87.7
Test 2 2649 £119.3 480.0 +103.6
Test 3 297.0 £124.8 496.0 +87.2

from logarithmic values for both force and cycles, only
the horizontal axis (cycles) is shown in log scale in
Figure 6 to facilitate interpretation of the results. While
the failure section in cut screws was in the first engaged
thread, the failures in the rolled screws took place in the
head-shank transition section (Fig. 7). ANCOVA was
used to compare both linear models, accepting the first
hypothesis that the slopes were equal (P=1) and rejecting
the second hypothesis (P<.001); that is, the mean fatigue
life was statistically different. Furthermore, once the
slopes of both models had been determined to be equal,
the fatigue life was calculated to be 9 times larger for roll-
threaded screws (P=1).

Table 5 shows the maximum static loads before
fracture of the dental implant assembly. In this case, the
failure in both cut and rolled threads took place in the
first engaged thread. A t test was carried out for the static
loads registered in Table 5. The null hypothesis was
accepted (P=.54); that is, the static load was assumed to
be statistically the same for both manufacturing
processes.

DISCUSSION

The hypothesis of the study was accepted as the results
indicated that rolled threads had better mechanical
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behavior than cut threads. Even though the obtained
geometries were similar and functional, the crests of the
rolled thread poorly reproduced the desired geometry.
This shape was obtained because of grain flow caused by
the rolling process.>”*® The small diameter of the blank
may have increased the effect of this phenomenon, so
the diameter of the blank should be optimized in future
studies.

The rolled threads had lower surface roughness
parameter values, that is, better surface finish and
quality, consistent with previous studies.?"***"**> The
surface finish was mainly influenced by the residual
compressive stresses on the thread surface by the
rolling process, found to be larger than the ones left by
cutting.”?! Using synchrotron radiation to evaluate
surface properties should improve the quality of the
data and allow the extrapolation of stress more accu-
rately.*>*°

The prosthetic screws had a significantly better fatigue
response with thread rolling, consistent with roll-threa-
ded screws used in industry.”**' Linear regression
models showed a fatigue life 9 times higher for roll-
threaded screws. In addition, roll-threaded screws failed
at the head-shank transition section (Fig. 7) rather than

Armentia et al
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Figure 6. Fatigue data and linear models (F-N curves) for dental implant assemblies mounting cut- and roll-threaded screws. Data points and linear
model for cut threads extracted from previous study.'’

Figure 7. Fatigue failure. A, Head-shank transition section in roll-threaded screw. B, First engaged thread in cut-threaded screw.
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Table 5. Maximum loads measured in static tests (N=5)

Maximum Static Loads (N)

Cut Thread Rolled Thread
Test 1 676 602
Test 2 622 656
Test 3 568 705
Test 4 600 593
Test 5 689 704
Mean 631 652
Standard deviation 51 54

at the first engaged thread, suggesting an increased
improvement in the threaded section. Presumably, the
improved fatigue behavior of rolled threads was mainly
because of the larger compressive residual
stresses because differences in the surface roughness and
tensile stress area were small. The static load at failure
was statistically similar for both manufacturing processes.

Limitations of this in vitro study included that a sin-
gle-screw model with single rolled and cut thread
manufacturing parameters were analyzed. Thus, further
studies should evaluate different screw models and
analyze the effect of alternative manufacturing variables.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Roll-threaded prosthetic screws had better me-
chanical performance than cut-threaded screws.

2. Rolling placed compressive residual stresses on the
thread surface, which improved the fatigue behavior
of the dental implant restoration assembly without
affecting its ability to withstand static load.

3. The rolling process reproduced the geometry of the
rolled thread profile poorly, but this problem might
be solved by altering the manufacturing parameters.
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