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A B S T R A C T

We produced bifurcated bone-like shape memory implant (BL-SMI) with desirable tooth-root fixation capability
by compact-sintering of TiH2–Ni-urea mixture. The primary constituents of the porous product were Ni and Ti.
We could adjust the pores' shape, size, and interconnectivity for favorite bone ingrowth by using urea as a space
holder. Without urea, we obtained an average porosity of 0.30, and a mean void size of 100 μm. With 70 vol %
urea, we got 62% interconnected pores of 400 μm average size. Aging allowed us to tune the austenite-mar-
tensite transformation temperatures towards the needed body tissue arouse. Differential scanning calorimetry
measured the transformation temperatures. Their austenite start, austenite peak, and austenite finish values
were As= 4, Ap=22, and Af= 34 °C, respectively. They retained functional shape recovery and superelastic
effect at the body temperature. Mechanical properties, including Young's modulus of the specimens, matched
well to maxilla and mandible bone tissue. The measured Young's modulus of the NiTi specimens was as low as
3.5 GPa, which decreased to ∼2.1 GPa with further porosity increase at higher space holder percentages.
Superelasticity regime and low Young's modulus of the implant could potentially prevent stress-shielding from
the surrounding bone tissues and give rise to secure fixation of the implant into the bone socket. Bending tests
showed 0.9mm recoverable deflection for specimens which assisted immediate self-fixation of the implant into
the jaw bone cavity.

1. Introduction

A big challenge in modern dentistry is the protection of teeth from
complete and partial edentulism which, cannot be stopped by current
treatment modalities [1]. Edentulism reduces mechanical chewing
function and esthetics. The disease is common in many countries. Over
25% of people at the age of 65–75 are edentulous [1,2]. Nowadays,
titanium dental implants are extensively used to replace missing teeth
in many patients. A dental implant is a prosthetic tooth root, which
allows the dental crown to fix on it [3]. The conventional titanium
dental implants are challenging to be implemented surgically; espe-
cially in case of bone resorption and insufficient remaining alveolar
bone. Also, dental implants might not be successful for all locations of
the jaw bone, especially posterior of maxilla [4]. Researchers have
determined the cumulative success rate of the implantation six years
after surgery for mandibles 91.5% and maxilla 82.9% [5]. The anato-
mical location has proved a significant impact on osseointegration in
the jawbone [6]. Osseointegration in the posterior maxillae (71.4%) has

been less than what reported for posterior mandible (98.7%) [6]. Bone
quality and quantity have been explained as responsible for the dif-
ference [5]. The apparent density of cortical plus trabecular bones has
been remarkably low for posterior maxillary [7]. Clinical studies of
Truhlar et al. [7] have indicated that 23% of posterior maxillary areas
have poor quality bone as compared to 1–3% of mandible regions [7].
Moreover, elastic modulus and hardness of maxilla in anterior regions
have been lower than the posterior regions of the mandible [4].

In the case of conventional titanium implants, screw loosening and
fracture have been a big problem [8]. Also, it takes a long time to fix the
implant resulting in a prolonged treatment, which consequences the
exclusion of the jawbone from loading by the biting force [2,8]. Fixa-
tion of conventional screw implants has been a two-stage process taking
four to six months of atrophy and feeble jawbone [8]. Too much micro-
motion plus initial weak allocation have prevented new cell growth and
have reduced dental-bone fixation [8,9]. For these reasons, the devel-
opment of more stable drug-loaded porous nanostructures with high
osseointegration capability seems an urgent need in dentistry [10,11].
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Immediate implantation prevents the atrophy of the jawbone after the
loss of natural teeth and can decrease the treatment duration [8].
Fabrication of a functionally graded porous material is attainable by PM
method, as also targeted in previous work [11]. Such a structure will
mimic the natural bimodal porous structure of the bone tissue.NiTi
porous implants have attracted much attention for possible tooth sub-
stitution [12–14]. Interesting properties like shape memory, super-
elasticity, biocompatibility, corrosion resistance, and osseointegration
have secured many new horizons [12–15]. Nonporous dense NiTi has
been used in commercial-scale for manufacturing of the orthodontic
wires, orthopedic staples, prostheses, guide wires, stents, filters and
variety of useful objects and devices [1,15,16].

A new generation of dental implants with unique properties from
NiTi shape memory alloy has recently raised [3]. These dental implants
have provided high biological inactivity, shape memory and super-
elasticity effects similar to the biological tissue hysteresis [8]. Kotenko
et al. [8] have recently introduced a new superelastic NiTi dental im-
plant which has provided a basis for artificial support of non-removable
prostheses by a short completion time (within one month) with 100%
success. In another study, Afonia and coworkers [1] have studied the
results of clinical treatment of severe periodontal diseases by applica-
tion of the new nanostructured shape memory dental implants. Appli-
cation of these implants has made possible the conservation of the teeth
which were recommended for removing by current treatment mod-
alities for edentulism [1].

Despite the advantages mentioned above, several restrictions, in-
cluding low porosity percentage, relatively high Young's modulus and
stress shielding effects, have raised issues of concern in the utilization of
metallic implants. For a biocompatible tooth implant, simulation of
micro-motions of the natural teeth is required. After replacing the
rotten tooth by a screw implant, a biting force is straightly transmitted
to the jawbone leading to the stress shielding which decreases the load-
bearing ability of the bone due to the bone resorption [17]. The stress
shielding originates from huge difference between Young's modulus of
the metal implant which may be about 110 GPa and jawbone which is
about 0.1–1.5 GPa in cancellous bone and 12–17 GPa in cortical bone
[18].

Authors have proposed porous implants for good fixation and bone
ingrowth [19]. They have used Ti–6Al–4V and tantalum to produce
porous implants [2,11]. Bencharit et al. have introduced trabecular
metal as an open-cell porous tantalum dental implant with a high level
of osseointegration [2]. After two weeks of implantation of trabecular
porous cylinders, clinical studies have shown newly formed blood
vessels, cells and tissue infusion, which led to a new bone formation at
the third week [20]. After 2-years follow up, the survival rate of these
implants has been 96.8% for 112 patients [21]. Studies in a canine
model have indicated that new bone tissue forms inside the trabecular
metal pores as early as two weeks proceeded by the healing period
along with tissue mineralization with no increased number of infections
relative to the traditional implants. Trabecular metal dental implants
have shown higher implant stability quotient (ISQ) than tapered screw-
vent implants [22].

On the other hand, combined mechanochemical properties of
porous NiTi alloy has uncovered its promising potential for convoluted
tissue growth; porosity stipulated textures and tooth establishment [1].

Previous studies have proved the osseointegration potential of the
porous NiTi as a hard bearing material for bone tissue replacement
[23–27]. Of basic requirements have been mechanical features and
surface characteristics [9,19,28,29]. Biomaterials have exhibited high
effectiveness by porous prototype modification and coating surface
improvement [26,30–32]. Application of powder metallurgical (PM)
method has proved beneficial for porous dental implant production
[13,27,32,33].

Literature suffers from the lack of reports on shape memory implant
making [1,8]. The available few reports are based on the use of ma-
chining technique; an expensive method which does not lead to the

final shape in a single step. Therefore near-net-shape production
method is a more favorable approach. In addition to facilitation of the
production method, PM has the advantage of the production of porous
structures, which is desirable, especially for implant substitution. Also,
fabrication of functionally graded porous materials is capable by PM
method will mimic the natural bimodal porous structure of the bone
tissue.

The similarity of Young's Modulus of porous NiTi to bone tissue plus
the appropriate distribution of stress and prevention of stress shielding
are the brilliant aspects of porous NiTi when compared with dense
specimens [34]. Ingrowth of the body tissue in the porous insert could
result in secure fixation and more biological stability in the jawbone as
compared to the dense samples [12,23,35,36].

The present work aims to shed some light on the fabrication of
porous shape memory NiTi dental implants by PM method. In this de-
sign, the one-way shape memory effect is used to fix the implant into
the bone cavity. For this purpose, the closed-legs cylindrical shape
implant is placed into the pre-prepared bone socket in the martensitic
state, and as it reaches the austenite finish (Af) temperature, the im-
plant retrieves its pre-programmed bifurcated shape to stabilize inside
the dental cavity. Therefore, the Af of the implant should be slightly
below body temperature to ensure a fully austenitic structure when
contacting live body tissues. The implant should also be constructed as
a one-way shape memory object to avoid its return to martensitic form
in the bone cavity when its temperature is reduced. When the implant is
fixed by the thermoelastic behavior (shape memory effect), its unique
superelastic behavior will work at austenite state for damping the ap-
plied forces during functional loadings. Aging heat treatment for ad-
justment of shape memory behavior, mechanical specifications, trans-
formation features, and implant self-fixation after implantation in the
bone cavity is considered. Pore geometry is controlled by space holder
usage. Potentiodynamic polarization studies are performed to in-
vestigate corrosion behavior of the produced porous prototype samples.

2. Materials and methods

A schematic illustration of the procedure used for fabrication of the
porous dental prototype of this investigation is given in Fig. 1.

2.1. Initial powder

Nickel powder (99.9% purity, Merck, GmbH) with an average par-
ticle size of ∼10 μm, titanium hydride (99.99% purity, Alfa Easar)
having an average particle size of ∼50 μm and urea (particle size of
400-500 μm) were the raw materials used to fabricate porous NiTi
specimens. Fig. 2 shows the morphology of the initial powders. Ni
particles were almost spherical while Ti powder had an irregular shape.

2.2. PM die

Hot work tool steel (Din 1.2714) was used to fabricate three-piece
die required for compaction of powder mixtures. Bifurcated-shape im-
plants were first designed and then manufactured by compaction-sin-
tering of the powders. The die was designed, and wire cut/sparked into
the final shape. The three-piece die yielded uniform distribution in the
compacted mixtures. Shape and size of the three-piece PM die are
displayed in Fig. 3a.

2.3. Sample compaction

Green samples were produced by the vibration of the mixed raw
materials with an equiatomic ratio for 2 h and compaction under uni-
axial hydraulic pressure of 500MPa. In some samples, urea particles
(∼400–500 μm diameters) were mixed with the initial powders to
achieve desirable pore characteristic in the final products. Samples
having space-holder were mixed up to 30min before compaction.
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2.4. Sintering

Due to NiTi sensitivity even to small amounts of atmospheric im-
purities, a vacuum furnace of 10-5 torr pressure was used for sintering of
the samples. Before sintering, samples were kept at 400 °C for 1 h so
that titanium hydride could decompose (Fig. 1b) to pure titanium and
hydrogen. Sintering stage was carried out at 1050 °C for 3 h. The
measurements showed that a sample with ≈47% porosity led to a di-
mensional change of ∼15% during sintering. Post heat treatment was

performed at 500 °C for 1 h under pure argon to achieve the SME effect
and then cooled off in the furnace. Fig. 3 demonstrates three production
stages of the samples. A list of specimens produced in this research is
given in Table 1.

2.5. Characterization of the specimens

Polishing with emery paper followed by alumina powder and dia-
mond paste was used to smooth sample surfaces. Etching solution

Fig. 1. Schematic illustration of (a) fabrication procedure, and (b) time-temperature sintering and aging plans.

Fig. 2. SEM micrographs of the raw materials: (a) TiH2, (b) Ni powder, and (c) urea particles.
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contained 75% H2O, 15% HNO3, and 10% HF. X-ray diffractometer
(Philips model, k= 1.789010 Å) with Co Kα radiation was used to
determine sample structure. Scanning electron microscope (SEM, Vega
Tscan) equipped with energy dispersive spectrometer (EDS) and dif-
ferent-resolutions optical microscopes (OM) were used for morpholo-
gical investigations. Differential scanning calorimetry (DSC, DSC 1
Mettler-Toledo; Switzerland) was carried out from -50 to 100 °C at a
heating rate of 10 °C/min and from 100 to -50 °C at a cooling rate of
10 °C/min under an argon atmosphere to determine Ni–Ti transforma-
tion temperatures.

2.6. Mechanical experiments

Mechanical properties of the porous NiTi specimens were de-
termined with a three-point bending and compression test. A servohy-
draulic testing machine (Zwick, GER) with 10 kN load cell was applied
for the three-point bending test. Three Rectangular flat specimens of
average dimension 40mm×6.6mm×1.3mm were prepared by spark
erosion. Specimens were grounded and polished by sandpaper and
alumina powder to remove the oxide layer from the surface of the
specimens. Loading was performed by a crosshead speed of 0.5 mm/
min at the center of the specimens. An extensometer measured the
deflection (d) of the rectangular specimens.

For compressive tests, cylindrical specimens with a height to dia-
meter ratio of 1.5 were loaded with a crosshead speed of 0.5mm/min at
a temperature of 37 °C. The procedure was repeated for five times for
each specimen.

2.7. Shape recovery measurements

Fig. 4 represents the bending mode set-up used for evaluation of
shape recovery by the porous samples. Bent specimens were first
mounted, as shown in Fig. 4b, and then their center-point displacement
was recorded against surrounding water temperature which raised by a
heating element. Details of the setup are as given in Ref. [37].

2.8. Potentiodynamic polarization

The corrosion tests were performed in Ringer's solution (the com-
position is given in Table 2) using an Ivium CompactStat potentiostat. A
three-electrode corrosion cell consisting of NiTi specimens, platinum

Fig. 3. (a) PM three-piece die made of 2714 steel, (b) green samples, (c) sintered samples, (d) a heat-treated/polished specimen, and e) dimensioned sketch of the
specimen. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Specifications of the samples produced in this research.

Sample No. Raw Materials
Percentage

Compaction
Pressure
(MPa)

Temperature and
time of:

Porosity

TiH2
at. %

Ni
at.
%

Urea
(vol.
%)

Sintering
(°C, h)

Aging
(°C, h)

%

1 49 51 0 500 1050, 3 – 34
2 49 51 0 500 1050, 3 500, 1 34
3 49 51 70 500 1050, 3 500, 1 62

Fig. 4. Schematic representation of the three-point bending test: (a) load effect,
and (b) shape recovery measurement.

Table 2
Composition of the electrolyte for polarization tests (Ringer's solution) [38].

Constituent Content Ionic Concentration

mg/1000 cc Ion m.Eq./L

NaCl 8.60 Na+ 147.5
KCl 0.30 K+ 4.0
CaCl2 0.33 Ca2+ 4.5

Cl− 165.0
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sheet and saturated calomel electrode (SCE) as working, counter and
reference electrodes, respectively, was used for electrochemical mea-
surements. All potentials in this study are collected with respect to SCE.
Potentials used were from -1.6 to 1.2 V (vs. SCE) at a scan rate of 1mV/
s. Corrosion potential (Ecorr) and corrosion current density (Icorr) of the
samples were determined from Tafel slopes of the curves. Reproduci-
bility check was done by four times repetition of each test. Before the
test, each sample was immersed in the Ringer solution for 1 h to reach
equilibrium.

3. Results and discussion

3.1. Pore characteristics

Optical and electron microscopy methods investigated pore char-
acteristics of the specimens produced with and without space holder.
Size, shape, and interconnectivity of the pores were comparatively

obtained from metallographic images. Fig. 5 compares typical mor-
phology for Samples 2 and 3. Analysis of the images gives about 34%
porosity with a pore size averaging ∼100 μm for the specimens man-
ufactured without space holder. The shape of the pores is irregular with
different sizes and partial connectivity. In PM die making, it is desirable
to eliminate the sharp corners to diminish the stress concentration and
preserve the tensile strength. According to the literature, suitable pore
size for biomedical implants is 100 to 500 μm to maintain proper bone
ingrowth [17,28,39]. Based on the cumulative pore percentage pre-
sented in Fig. 5-c, about 10% of the pores are sized within this range.
Based on previous reports [40,41], more than 60% of open-pores are
necessary for bone ingrowth and osseointegration.

Utilization of space holder, therefore, assists earning of the required
pore characteristics. Addition of 70% urea increases the porosity up to
62%, creates 80% pores with average diameters larger than 100 μm and
alteration of the pores from closed to open egg-like type with ∼400 μm
average diameter, as shown in Fig. 5-d.

Fig. 5. (a), (b): Morphology, (c), (d): porosity fraction, and (e), (f): pore size distribution of Sample 2 (without space holder) and Sample 3 (with space holder).
Cumulative pore distributions are also plotted in the figure.
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Rough inner walls of the pores observable in Fig. 6 are suitable for
bone ingrowth and osseointegration [17]. Improving the roughness of
the implant interior surface has shown to improve adhesion to the
surrounding tissue and consequently, reduction in the peri-implant
bone loss. Therefore the roughness provides tight connectivity of the
implant to the surrounding tissue and its consequent table fixation to
the bone cavity. A secure attachment could minimize the stress
shielding effect, which usually happens at the implant–jawbone contact
surfaces. Moreover, SEM micrographs show an interconnected pore
structure with appropriate fenestrations that obtained for Sample 3. The
structure permits the new bone tissue ingrowth into the porous im-
plants.

In comparison to the conventional Ti screw implants which their
biologic attachment is limited to bone growth on the bone/implant
interface (known as osseointegration), the porous implants could obtain
the ongoing osseoincorporation [40,42]. This phenomenon could assess
interfacial and structural integrity and better fixation into the jawbone.
Similar findings have been obtained by previous authors who have
shown new bone formation during the early healing phases on porous
titanium and tantalum dental implants [2,42,43].

3.2. Microstructural investigation

Fig. 7 compares the XRD pattern of a sintered sample with the
elemental powder mixture. The sintered sample consists basically of

B2–NiTi phase. No elemental nickel or titanium is observable in its
spectrum. The non-existence of elemental Ni and Ti shows their ac-
celerated inter-diffusion at the sintering temperature. This regime re-
sults in the formation of a homogenous equiatomic NiTi phase with no
other compounds having a chance to emerge.

Liquid-phase sintering at T≥1050 °C can accelerate NiTi formation
[33]; while according to the binary phase diagram, a eutectic trans-
formation can occur at 22.4 wt% Ni and 942 °C. Since the sintering
temperature was much higher than this eutectic temperature, the par-
tially liquid phase is formed during sintering and, therefore, the for-
mation of homogenous NiTi phase was expected. Also, decomposition
of hydride molecules helped the formation of highly-active new-born
titanium sites at the exterior of the hydride particles [44]:

° +TiH 400 C Ti H (g)2 2 (1)

The newly formed active sites facilitated good contact of the re-
acting element to accelerate inter-diffusion of the pair. Besides, the
presence of released hydrogen establishes a reducing atmosphere that
prevents the formation of oxide phases that have a destructive effect on
mechanical properties. As a result, lower sintering durations proved
conceivable. Ultraclean environment and non-existence of undesirable
oxide traces could favor the formation of homogeneous NiTi phase.

SEM micrographs of Sample 3 in Fig. 8 confirm the XRD results,
which indicate NiTi as the dominant phase of the sintered samples. At a
closer look, the presence of small amounts of Ni-rich along grain
boundaries of some areas in the porous samples has also been observed
and detected by EDS (Fig. 8b, d). Also, the dark spot highlighted by the
arrow in Fig. 8b has a Ti-rich composition. Presence of the non-equia-
tomic Ni-rich and Ti-rich phases could worsen the shape memory effect.
These compounds are always a challenge to the fabrication of high-
quality SMAs [45–47]. Their formation is due to the thermodynamic
driving force, which increases at lower temperatures [27,33,45–47].
However, the values of these compounds are generally low in the
sample, which is confirmed by the results of the XRD.

Gray areas within the grains correspond to the equiatomic mar-
tensitic phase. Surface-relief owes to the martensitic structure of NiTi
phase was observed in Fig. 8 c. For thermoelastic NiTi, the martensitic
phase is usually stable at room temperature. This property is consistent
with the DSC results that are discussed in the following text. Small Ni3Ti
peaks of XRD spectrum of Fig. 7b corresponds to the Ni-rich phase.
While excess Ni is consumed by precipitation of Ni-rich during aging
and graduate cooling stages, a balanced compensation is attributed to
the decomposition of TiH2, which causes hydrogen evolution and Ni-
rich phase formation.

Fig. 6. SEM micrographs of Sample 3 indicating pores inner wall roughness in different magnifications.

Fig. 7. XRD patterns of (a) elemental powder mixture and (b) Sample 3 sintered
at 1050 °C for 3 h.
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3.3. Phase transformation behavior

Austenite/martensite transformation temperatures of the SMI need
to be around body temperature in order to divulge its shape memory
behavior. Those strains which are induced to the specimen in the
martensitic state will cause restoration of the predetermined shape after
heating conversion into the austenitic phase. Austenite and martensite
transformation temperatures, therefore, play the leading role in the
determination of the shape change at the working temperature. As
shown in Fig. 9, Sample 2 reveals extended peaks in both cooling and
heating cycles. The specimen undergoes an M19’ martensitic to B2
austenitic (M19′→ B2) endothermic transformation upon heating. In
the cooling stage, a two-stage B2→R→M19’ transformation occurred,
and intermediate R phase appeared. The first peak during cooling is
indicative of the formation of the R-phase before the martensite phase
appearance (multi-step transformation [48,49]. This phenomenon

seems due to the Ni-rich phase precipitation during aging treatment.
Similar results were obtained for Sample 1 after aging treatment.
Sharpening of the martensite/austenite transformation peaks by aging
is seen in Fig. 9 (2).

On the other hand, a one-stage martensite/austenite transformation
(M19′→ B2) is observed in both heating and cooling curves for spe-
cimen 3. The peaks shift to lower temperature due to adding space
holder materials. Austenite to martensite transformation temperatures
increases with aging. For example, austenite finish (Af) temperature for
no-space-holder sintered specimen (Sample 2( is ∼45 °C, while aging
raises Af to ∼50 °C. This rise is due to the aging effect on precipitation
of the Ni-rich phase, which reduces the Ni content of the NiTi matrix.

Precipitation of the Ni-rich phase during aging is supported by XRD
and EDS results and is recognizable by morphological observations of
the SEM images (Fig. 8).

Table 3 compares the phase transformation temperatures of the

Fig. 8. SEM micrographs of Sample 3 after aging: (a) NiTi matrix, (b) Ni-rich and Ti-rich precipitates in a grain boundary, (c) martensite plates within the grains, and
(d) EDS analysis of different phases shown in (b).
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specimens. For the specimen with space holder, the transformation
temperature is lower than the others. Austenite-start (As), peak (Ap) and
finish (Af) temperatures of the aged specimen with space holder)Sample
3 (are 4, 22 and 34 °C, respectively. The respective martensite start
(Ms), peak (Mp) and finish (Mf) temperatures of this sample are 0, -13
and -30 °C. Results show that by cooling below Mf= -30 °C, fully
martensite structure appears in the sample. Also, the Af of the specimen
is close to the human body temperature that is suitable for use in shape
memory implant. For this specimen, B2 austenite is a dominant phase in
the structure at body temperature.

3.4. Mechanical behavior

Typical force-deflection curves of Samples 2 and 3 under bending
force are plotted in Fig. 10. The two curves are different due to different
porosities. For Sample 2, because of the low porosity percentage, the
force value is higher for a given amount of deflection. For sample 3, at 0
oC, only 1.8mm of 3mm deflection could recover at the center point of
the specimen when unloaded (solid line). About 1.2mm pseudoelastic
deflection remains in the sample which partially recovers by heating to
37 oC, as shown in Fig. 11. The force-deflection curves of the specimen
at body temperature (37°C) represent a hysteresis loop during loading/
unloading cycles, as shown in Fig. 10 b. The area inside the hysteresis
loop of the force-deflection curve indicates the energy absorbed during
cyclic loading. Approximately all of 2mm deflection was recovered
during unloading. This shape recovery consists of two parts: (i) elastic
strain and (ii) stress-induced martensite/austenite transformation. This
behavior shows the superelasticity dominance of the specimen de-
flected at 37°C, which indicates the damping effect of the implant
during functional loading in the jawbone. As it is evident, 110 N is
needed to induce a deformation of 2mm that significantly higher than
the related value for 0oC.

Cyclic loading of the specimens in the austenitic state shows a de-
crease in the forces required for a given deflection (Fig. 10 b). This

reduction is beneficial since the amount of load on the surrounding
tissue can be controlled by applying cyclic loads on the specimen before
implantation. For example, if a smaller force is required, more cycles
can be performed.

Fig. 11 shows the amount of deflection recovery versus temperature,
induced by heating the NiTi specimens. Based on the curves, recovery
of Sample 2 starts at 24 °C and reaches its maximum at 52 °C; while that
of Sample 3 starts at 15 °C and reaches its maximum at 36 °C. The phase
transformation of the deformed martensite to austenite leads to the
shape recovery behavior, which is in good agreement with the DSC

Fig. 9. Comparison of the DSC results for the specimens (1) sintered, (2) sin-
tered and aged, and (3) space holder added, sintered and aged.

Table 3
Phase Transformation temperatures of different specimens.

Specimen Mf Mp Ms Rf Rp Rs As Ap Af

As-sintered -38 -14 6 5 20 34 10 33 47
Aged -15 -2 12 9 18 30 35 45 50
Space holder added -30 -13 0 – – – 4 22 34

Fig. 10. Force-deflection curve of Sample 2 (dotted line) and Sample 3 (solid
line) below Ms, and (b) Sample 3 above Af loaded for cycles 1 to 4. The dotted
arrow in (a) indicates the thermoelastic amount of the deflection.

Fig. 11. Recovered strain vs. temperature curve for Sample 2 (dotted line) and
3 (solid line) with specifications given in Table 1.
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results shown in Fig. 9. In the case of Sample 3, a significant strain is
recovered below body temperature. As mentioned earlier, the addition
of the spacer holder shifts the transformation temperature and thus, the
initial shape recovery temperature towards lower values. This change is
significant for regulating the transformation temperature to occur
below body temperature.

Compressive loading/unloading cycles are also performed for the
porous NiTi samples, and the results are shown in Fig. 12. Recoverable
strains of about 10 and 5.5% were obtained for Samples 2 and 3, re-
spectively. According to DSC results (Fig. 9), at the body temperature of
37°C, austenite is a stable phase. Therefore, the specimens show su-
perelasticity at this temperature.

The elastic moduli of the NiTi specimens were determined from the
unloading part of the compression curves shown in Fig. 12. The elastic
modulus of our NiTi specimens without space holder (sample 2) was as
low as 5.31 GPa while that of the porous specimen (Sample 3) com-
prising space holder was about 2.79 GPa. Mechanical properties of our
implants were, therefore, adjustable with pore percentage, size, and
space holder change. Matching elastic modulus of the NiTi implants to
bone tissue allows effective implantation and prohibits stress shielding
and implant loosening phenomenon.

Moreover, in the case of mechanical behavior we have thoroughly
explored the mechanical degradation of the porous NiTi in our previous
paper [50]. According to our findings, no mechanical degradation oc-
curs in the loading range of the implants.

3.5. Corrosion behavior

During service, dental implants are under fluctuating stress plus
fluid body attack. Body fluid is an airy solution containing ∼1% NaCl

plus small amounts of other salts and organic compounds at 36.5 to
37.5 °C temperature. Corrosion effect underbody fluid seems similar to
the warm, airy sea-water which causes localized, crevice, pitting and
galvanic corrosion. Besides biocompatibility, corrosion resistance
should also be as high as possible to avoid texture irritation. Fig. 13
shows potentiodynamic polarization curve of porous specimens pro-
duced with and without space holder. Ecorr, Icorr and the rate of corro-
sion of the samples were determined by Tafel extrapolation on PDP
curves and the data collected in Table 4. The shape of the polarization
curve is similar to a shift of the curves. By increasing porosity, the rate
of corrosion increase due to higher exposure surface of the sample to
corrosive media.

3.6. Evaluation of shape memory implant

Based on the characteristics mentioned above, a novel dental im-
plant was produced, which combines all unique properties of the porous
NiTi. Shape memory inspection was performed by cooling the implant
by liquid nitrogen, contracting the fork legs together and heating the
specimen to see the reverse shape change. Below -30°C, the implants
were flexible and attained closed-legs cylindrical shape, which was
suitable for insertion into the bone socket (Fig. 14-a). The implant
should be kept at a low temperature until insertion into the prepared
bone socket. This practice allows its degage placement in the jawbone.
As soon as contiguity with the bone cavity, it warms up to the body
temperature and recovers its initial bifurcated shape and exerts suffi-
cient stress and strain for fixation in the place (see Fig. 14b). This action
prevents any possible rotational movements at first and facilitates ac-
celerated bone ingrowth later. An unloaded healing period of 4-6
months has been proposed for osseointegration of the conventional
implants with weak initial fixation [2,42,43]. This period is expected to
decrease dramatically with the new design and arrangements.

Investigation of the pseudoelastic effect indicates similar amounts of
recovered strain in both superelastic and thermoelastic samples. We can
estimate the forces applied to the surrounding tissue from force-de-
flection curves (Fig. 10) at the point corresponding to 0.9 mm deflection
which is obtained at about 70 N. This load could help the implant
fixation in the bone socket and stimulates bone formation by enhancing
the growth of the plate cartilage and reduction of bone absorption by
mechanical compression. Moreover, promoted osseointegration will be
achieved by loads which provide long term stabilization of the implant
in the alveolar bone cavity.

Deformed shape memory implants should restore their pre-
determined shape when receiving heat from the contacting live body

Fig. 12. Cyclic stress-strain curves of the porous NiTi specimens: (a) sample 2
(without space holder) and (b) Sample 3 (with space holder), after 10% pre-
strain at 37 °C.

Fig. 13. Polarization curves of porous NiTi specimens: dotted line specimen 2
and solid line for specimen 3.
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tissues. In the martensitic state, porous NiTi implants are flexible and
easily bent. They can thus shrink their overall diameter. Achieving
Af= 34 °C at the body temperature of 37 °C, they can recover their
predetermined bifurcated shape and fix in their position. After the first
stage, thermoelastic self-fixation, superelastic behavior of austenite
phase will help damping vibrations due to all functional loadings
during mastication.

The Young's modulus of cortical and trabecular bone is reported
about 12–17 and 0.1 GPa, respectively [51]. Mandible and maxilla bone
consist of cortical and trabecular bone. The cross-section of the mand-
ible is divided into two regions representing the cortical and trabecular
bones [46]. Also, the mechanical properties of mandible and maxilla
are different, and Young's modulus of the mandible is higher than
maxilla [4]. Therefore Young's modulus of our porous NiTi specimens
matched well with that of the alveolar bone.

Although the mechanical hysteresis of the samples seems too similar
to the natural bone, utilized compressive loads are considerably higher
than the reported maximum bite forces in the molar zones [52]. Su-
perelastic behavior of the samples helps to damp the masticatory stress
induced by tooth bite forces during mastication and improves the im-
plant fatigue strength under physiological loads in the oral cavity. This
effect is a stress absorbing system which maintains load absorption of
the implant during functional loading and shielding newly formed bone
tissues from high compression loads. This sheltering is believed to be
the reason why new bone tissues can penetrate deeply into the porous
NiTi much faster than porous titanium [22]. The unique superelasticity
behavior originates from the stress-induced martensitic transformation
which porous Ti does not possess. This enhanced physiological corre-
spondence provides healing besides the osseoincorporation by sharing
loads with the surrounding tissue. This sharing is vital to reduce the
amount of direct load transferred on the jawbone and consequently
increase the ability of the implant to withstand physiological loads
applied to the oral cavity.

Moreover, the superelastic regime and energy absorption system
could be beneficial during the treatment period, before permanent
fixation of the implant. Non-axial forces applied to the still not-firmly
established implant could thus be absorbed by superelasticity to pre-
vent bone rejection of the implant.

Regarding the combination of the specific features was pointed out
all in one specimen; it seems the new-design dental implant could be a
suitable tooth root substitution.

4. Conclusions

PM method applied to TiH2, Ni and Ti raw powders and urea space
holder via a simple single-step procedure proved capable of producing
near-net-shape shape memory implants for tooth root replacement in
the bone socket. Utilization of space holder allowed the creation of
enough pores of sufficient interconnectivity for bone ingrowth and
body fluid transmission purposes as well as Young's modulus adapta-
tion. Combined thermoelastic/superelastic effects seemed best serving
the patients during heating/cooling and loading/unloading cycles.
Deflection potentials of the implant could help immediate stabilization
of the implant in the bone socket together with tissue formation by
reduction of bone absorption via mechanical compressive pressures.
Implant superelasticity could help dynamic stress damping of the jaw-
bone forces during mastication and functional loading/unloading
stages. Acceptable corrosion rates indicated suitable candidacy of
porous NiTi for dental implant applications. Potentials of new bone
ingrowth and tissue adherence to the exterior and pores inner walls of
the implants gave rise to quick healing expectations besides long-term
fixation of the implant in the jaw cavity. Due to the self-fixation cap-
ability of the designed SMA implant besides its improved functional
adherence to the human bone specifications, the porous NiTi alloy
appeared a promising material for tooth root substitution.

Declaration of competing interest

No conflict of interest related to this paper exists concerning any
person or organization.

Acknowledgements

Iran National Science Foundation and Deputy of Research of the
Sharif University of Technology are appreciated for their general sup-
port of this research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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Table 4
Corrosion parameters of NiTi specimens, with and without space holder measured in a Ringer solution.

Specimens Ecorr (V) Icorr (A/cm2) Rp (Ohm) Ba (V/dec) Bc (V/dec) Corrosion rate (mpy)

2 -0.2292 7.236×10-7 2.520× 104 0.432 0.125 0.30
3 -0.1625 2.496×10-6 1.358× 104 0.689 0.243 1.04

*mpy: mils (0.001 in) per year.

Fig. 14. Schematic representation of (a) placing the martensitic closed-legs implant into the bone cavity and (b) restoration of the original open-legs shape when
warmed up to the body temperature.
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