DENTAL MATERIALS XXX (2006) XXX-XXX

available at www.sciencedirect.com

SCIENCE|

journal homepage: www.intl.elsevierhealth.com/journals/dema e 0

The effect of shot blasting and heat treatment on the fatigue
behavior of titanium for dental implant applications

F. Javier Gil®*, Josep A. Planell?, Alejandro Padrés®, Conrado Aparicio®

a Bioengineering Research Center (CREB), Department of Materials Science and Metallurgical Engineering, Universitat Politecnica de
Catalunya, Avda. Diagonal 647, 08028-Barcelona, Spain

b Instituto Padrés, Barcelona, Spain

ARTICLE INFO

Article history:

Received 8 April 2005
Received in revised form 2
December 2005

Accepted 8 March 2006

Keywords:
Titanium

Dental implants
Fatigue resistance
Shot blasting
Residual stresses

ABSTRACT

Objectives. The effect of shot blasting treatment on the cyclic deformation and fracture
behavior of a commercial pure titanium with two different microstructures; equiaxed (-
phase) and acicular (martensitic o’-phase) was investigated.
Methods. Fatigue tests were carried out in artificial saliva at 37 °C. Cyclic deformation tests
were carried out up to fracture and fatigue crack nucleation and propagation were analysed.
Residual stresses were determined by means of X-ray diffraction.
Results. The results show that shot blasting treatment improves fatigue life in the different
microstructures studied. The equiaxed phase has improved mechanical properties com-
pared to the acicular one. Despite the fact that control of the variables of shot blasting is not
precise because of the nature of the treatment, it improves the fatigue life by the fact that
the initiation site of the fatigue crack changes from the surface of the specimen to the inte-
rior of the shot blasted specimen. This is a consequence of the layer of compressive residual
stresses that the treatment generates on titanium surfaces. The acicular morphology of the
martensite favors crack propagation along the interface of the o’ plates.
Significance. Shot blasting, which is widely used on titanium dental implants in order to
favour their osseointegration, can also improve their fatigue resistance.

© 2006 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

nium (110 GPa) is about half that of stainless steel (200 GPa)
and also of cobalt-chromium-molybdenum alloys (235 GPa).

The design of an oral implant device has always to take into
consideration cyclic loading during the life in service of the
implant, and therefore the fatigue endurance of the materials
used will play a very important role when trying to estimate
the long-term performance of the device. Thus the assessment
of the fatigue behavior of implantable alloys has been tak-
ing on greater importance. Wrought cobalt-chromium, tita-
nium and Ti-6Al-4V alloys show similar fatigue endurance,
both when evaluated by means of rotary bending fatigue tests
(about 550 MPa) [1], and when corrosion fatigue tested in tor-
sion [2]. A relevant aspect is that the elastic modulus of tita-
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This is a very important point to be taken into account when
considering the load transfer into the bone when a dental
implant, a joint prosthesis, or an osteosynthesis device is to
be designed.

Table 1 summarizes the fatigue endurance for some of the
alloys previously discussed. It should be pointed out that the
fatigue strength limit is reduced in all cases when the material
is tested in saline solution compared to tests performed in air.
It should also be pointed out that both in air and in saline
solution, titanium shows the highest fatigue strength limit
compared to the rest of the exposed metals shown in Table 1.
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Table 1 - Fatigue strength of some metals used for
implants, in MPa

Table 2 - Chemical composition of the c.p. Ti used in this
work

Material In air In saline solution Element wt.%
316L stainless steel (annealed)  260-280 230-270 Nitrogen max. 0.05
Cast Co—-Cr-Mo alloy 310 240-280 Carbon max. 0.10
Wrought Co-Cr-Mo alloy 550 475 Hydrogen max 0.0125
Wrought commercial pure Ti 300 240 Iron max. 0.30
Ti-6A1-4V 605 500 Oxygen max. 0.35
Titanium max. Balance

Moreover, titanium and titanium alloys can be strength-
ened and their mechanical properties varied by controlling
their composition by means of thermomechanical processing
techniques [3-8].

Titanium and titanium alloys are also resistant to general
corrosion, pitting and crevice corrosion, which may occur in
other alloys as a result of the aggressive attack of body fluids
[9-11].

Because of all these properties, commercially pure tita-
nium (c.p. Ti) is widely used as a dental implant material
[12,13]. But clinical success is achieved not only because of
the implant material but also due to other properties [14].
Among them, one of the most important is surface implant
quality, which refers to its mechanical, physicochemical and
topographic properties [15,16]. In this sense it is known that
anincreased implant-surface roughness enhances the in vitro
behavior of osteoblasts [17-19]. Moreover, a better long-term
in vivo response is achieved [20-24]. Osseointegration of the
implant is meant to be achieved by bone in-growth into the
roughness of the titanium surface [16,25].

Shotblastingis one of the most frequently used treatments
for obtaining a rough surface of a dental implant [16,26]. The
materials of the shot particles, which are bombarded onto
the dental implant surface, are chemically stable materials
that will not stimulate a negative response of the biological
behavior of the implant [27]. Shot blasting induces a residual
stress layer in the treated material because of the local plastic
deformation of the metal [28]. Although the variables of shot
blasting are not exhaustively controlled, as for shot peening
[29], the stressed superficial layer is in compression and, con-
sequently, an increase in the fatigue resistance of the shot
blasted dental implant is expected.

The influence of the shot blasting treatment on the fatigue
and fracture properties of titanium with different microstruc-
tures has been studied in this work.

2. Materials and methods

The c.p. Ti Grade III used in the present work was kindly
donated by Klockner, S.A. The material came as cylindri-
cal rods of 12mm diameter, forged at 950°C, subsequently
annealed at 700°C for 2h and then cooled in air. The chem-
ical composition of the alloy is shown in Table 2. The met-
allographic microstructure corresponds to equiaxed «-grains
(Fig. 1). Both the composition and the microstructure satisfy
the ASTM F67-00 [30] standard for unalloyed Ti for surgical
implant applications.

Tensile specimens with a ratio diameter to gage length of
1/5 and fatigue specimens were machined. A first batch of
specimens was kept as the as-received material, whilst second

Fig. 1 - Microstructure of the equiaxed «-c.p. Ti.

and third batches of specimens were heat treated. These spec-
imens were kept for 1h in a tubular furnace (HST16, Hobersal,
Spain) in an argon atmosphere (99.9999%) at 1050 °C, which is
a temperature just above the p-transus for the Ti, and they
were then held in water at 20°C. The resulting quenched
microstructure corresponds to acicular «’-martensite (Fig. 2).
The specimens of the third and fourth batches were shot
blasted producing a roughened surface for the specimens in
the two microstructures (equiaxed a-phase and acicular «’'-
martensite).

The c.p. Ti Grade Il discs were shot blasted with particles of
Al;03 and 600 um in mean size, using 0.2 MPa of blast pressure.

Qualitative surface roughness was observed by scanning
electron microscopy (SEM) (6400, Jeol, Japan), and quantitative
surface roughness was determined by means of a profilometer
with a diamond tip (Surftest SV500, Mitutoyo, Japan). Ry and
other surface parameters were calculated. Energy dispersive

Fig. 2 - Microstructure of the acicular o’-martensite.
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Table 3 — Chemical composition of the artificial saliva

Compound Composition (g/dm3)
K>HPO4 0.20
KCl 1.20
KSCN 0.33
Nap,HPO,4 0.26
NaCl 0.70
NaHCO; 1.50
Urea 1.50

Lactic acid Until pH 6.7

X-ray analysis was used for semi-quantitative surface chem-
ical composition measurements (Analytical LZ5, Link, United
Kingdom).

The hardness distribution in a cross-section of the shot
blasted specimens was measured using a Vickers microhard-
ness indentor (Akashi, Matsusawa, Japan) with a load of 100 gf.
The time for indentation was 15s.

Residual stresses were measured with a diffractometer
incorporating a Bragg-Bentano configuration (D500, Siemens,
Germany). The measurements were done for the family of
planes (213), which diffracts at 20=139.5°. The elastic con-
stants of Ti for this family of planes are EC= (E/1+v);13=90.3
(1.4)GPa. Eleven v angles, 0° and five positive- and five
negative-angles were evaluated. The position of the peaks was
adjusted with a pseudo-Voigt function using appropriate soft-
ware (WinplotR, free access on-line), and then converted to
interplanar distances (dy) using Bragg’s equation. The d, ver-
sus sin? y graphs and the calculation of the slope of the linear
regression (A) were done with appropriate software (Origin,
Microcal, USA). The residual stress is o = EC(1/dp)A; where do is
the interplanar distance for y =0°.

The tensile specimens were tested in a universal screw
driven testing machine (Bionix, MTS, USA) of 100kN capac-
ity at a cross-head speed of 1mmmin~'. The fatigue speci-
mens were cyclically deformed in tension-compression under
strain control Re=—1, in a servo-hydraulic testing machine
of 100kN capacity using a container with artificial saliva at
37 °C. The chemical composition of the artificial saliva used is
shown in Table 3. The strain rate was always kept constant at
6.5 x 1073571, The total strain amplitude used was £7 x 1073,
The deformed and fractured specimens were observed by
means of SEM.

3. Results and discussion

The surface roughness of the as-machined metal for a-
phase and «’-martensite are R, =0.30 (0.04) pm and R, =0.33
(0.03) pm, respectively. The shot blasted and «-phase spec-
imens have R;=4.2 (0.8) pm, and the shot blasted and «o'-
martensite have Ry =3.8 (0.7) pm. As expected, the shot blasted
specimens have statistically significant (p<0.001; Student’s
t-test) and higher surface roughness than the as-machined
ones. Non-statistically significant differences in Ra-values
between equiaxed and acicular phase c.p. Ti were found. The
roughness obtained (chemical composition and size of shot
particles and shot blasting pressure) for the shot blasted c.p.
Ti was determined as optimal for in vitro and in vivo response
in previous works [19,24].
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Fig. 3 - Hardness distribution at the above cross-section of
a sample of the different the types of materials studied.

The hardness distribution at the above cross-section of the
materials studied is presented in Fig. 3. The maximum hard-
ness of 525 (13) HVN and 516 (26) HVN for equiaxed and acicu-
lar microstructures, respectively, with shot blasting treatment
were measured near the surface. Hardness decreased gradu-
ally with increasing distance from the surface. The average
hardness of the matrix for the equiaxed phase is 205 (9) HVN
and for the acicular phase is 234 (11) HVN; so that the increase
in hardness by shot blasting is, approximately, 300 HVN for the
two microstructures.

Fig. 4 is an example of d versus sin? y graph for a shot
blasted a-phase c.p. Ti specimen showing the linear trend of
the results with a negative slope. The linearity confirms the
validity of the calculated value for the residual stresses and
the negative slope indicates that the residual stresses are com-
pressive. Fig. 5 shows an example of d versus sin? ¢ graph
for an as-machined a-phase c.p. Ti specimen. In this case the
results give a two-slope configuration, with a slope for the pos-
itive ¥ angles and the other for the negative y angles. This
two-slope configuration can be attributed to a surface with a
high shear strain like the machined titanium. However, the
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Fig. 4 - Example of dy vs. sin? y graph for a shot blasted
a-phase c.p. Ti specimen.
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Fig. 5 - Example of d vs. sin? y graph for an as-machined
a-phase c.p. Ti specimen.

Table 4 - Surface residual stresses calculated at the four
different types of c.p. Ti studied

Material o (MPa)
a-Phase as-machined —77.2 (5)
o/-Martensite as-machined —69.3 (4)
a-Phase shot blasted —220.0 (3)
o-Martensite shot blasted —205.1 (8)

slope of the curve is also negative indicating the compressive
nature of the residual stresses induced by the machining. The
values for the residual stresses are summarized in Table 4. As
expected, the compressive stresses induced by shot blasting
on c.p. Ti are statistically significant (p<0.001; Student’s t-
test) and highly different from those induced on as-machined
samples; but there are no statistically significant differences
between equiaxed and acicular phase, both as-machined and
shot blasted. All these results agree with the values obtained
in hardness tests because the higher the hardness, the higher
the compressive residual stresses. According to this, a com-
pressive layer with a depth showed by the hardness profiles
(Fig. 3) might be expected.

The different materials have been tested in unidirec-
tional tension in order to obtain their monotonic stress—strain
curves. The relevant parameters are listed in Table 5, where
each value has been obtained from the average of two differ-
ent tests for each material. A significant result is that acicular
microstructures significantly reduce the ductility of the alloy.

Table 5 - Mechanical properties obtained from the
tensile tests on the different materials studied

Material Maximum  Yield Ductility
strength stress (%)
(MPa)  0.2% (MPa)
a-Phase as-machined 460 (30) 155(23) 46 (7)
o'-Martensite as-machined 570 (40) 175(12) 26(5)
a-Phase shot blasted 480 (39) 168(25) 39(4)
o'-Martensite shot blasted 587 (34) 189(23) 19(3)

Table 6 - Number of cycles to fatigue-failure (Ng) and

cumulative plastic strain (ecum) for the different c.p. Ti
studied

Material Ns B

Titanium alpha 35115 (1200) 3.7 (0.8)
Titanium acicular 24447 (1348) 2.6 (0.3)
Titanium alpha with blasting 51578 (2890) 2.9 (0.5)
Titanium acicular with blasting 37600 (1001) 1.9 (0.4)

Fig. 6 - Crack propagation in the acicular c.p. Ti
microstructure.

Table 6 shows the number of cycles to failure (Nf) and
the cumulative plastic strain (ecum) for the «- and o'-
microstructures without and with shot blasting treatment. It
can be observed that the as-machined microstructure of the
equiaxed phase presents longer fatigue life than the acicular
microstructure. This is because the interface of the acicular
phase is a fast way for the propagation of the fatigue crack, as
can be observed in Fig. 6.

The fatigue behavior of the samples submitted to shot
blasting treatment is better due to the compressive effect
of the residual stresses on the surface, which makes crack
nucleation difficult. This fact can be observed in Figs. 7 (as-
machined specimen) and 8 (shot blasted specimen), where
the crack grows from the surface and from 15pm beneath
the surface, respectively. As a consequence, an improvement

Fig. 7 - Crack nucleation on the surface of the specimen
as-machined.
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Fig. 8 — Crack nucleation beneath the surface of the shot
blasted specimen.

in the fatigue behavior of the shot blasted treatment for the
two microstructures studied (a-equiaxed and o'-acicular) is
obtained. The crack propagation is very similar for the four
specimens and can be observed in Fig. 9, where the crack prop-
agation in the fracture surface with the grooves of each cycle
can be seen.

The four types of specimens are cyclically deformed at dif-
ferent total strain amplitudes, and cyclic softening is observed
in all cases. The maximum stress reached at every total strain
amplitude is higher for the equiaxed than for the acicular
microstructures. The highest rate of softening was observed
for the acicular phase.

Consequently, shot blasting treatment increases the
implant surface roughness by the impingement, at high pres-
sure, of small abrasive particles, which results in local plastic
strain. This fact will produce a firmer and earlier fixation and a
better osseointegration of a dental implant as explained in the
Introduction. Besides, this impingement produces an increase
in the surface hardness due to the compressive load of the
impact of the particles. Despite the fact that the variables of
the shot blasting treatment are not exhaustively controlled,
the value of the residual compressive stresses on the sur-
face layer affected by the treatment suggests that the crack
nucleation site changes from the specimen surface (for the as-

Fig. 9 - Fatigue crack propagation representative for all the
materials studied.

machined metal) to the specimen interior (for the shot blasted
metal). This change is postulated to result in a significant
modification of fatigue properties of dental implants made of
c.p. Ti.

4, Conclusion

Shot blasting of c.p. Ti dental implants not only improves the
osseointegration of the implants because of the increase in the
metal surface roughness but should also improve their fatigue
life because of the layer of compressive residual stress that is
formed.
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