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Abstract: Metallic biomaterials are widely used for implants and dental and orthopedic applications
due to their good mechanical properties. Among all these materials, 316L stainless steel has gained
special attention, because of its good characteristics as an implantable biomaterial. However, the
Young’s modulus of this metal is much higher than that of human bone (~193 GPa compared to
5-30 GPa). Thus, a stress shielding effect can occur, leading the implant to fail. In addition, due
to this difference, the bond between implant and surrounding tissue is weak. Already, calcium
phosphate ceramics, such as beta-tricalcium phosphate, have shown excellent osteoconductive and
osteoinductive properties. However, they present low mechanical strength. For this reason, this
study aimed to combine 316L stainless steel with the beta-tricalcium phosphate ceramic (3-TCP),
with the objective of improving the steel’s biological performance and the ceramic’s mechanical
strength. The 316L stainless steel / 3-TCP biocomposites were produced using powder metallurgy
and functionally graded materials (FGMs) techniques. Initially, 3-TCP was obtained by solid-state
reaction using powders of calcium carbonate and calcium phosphate. The forerunner materials were
analyzed microstructurally. Pure 316L stainless steel and 3-TCP were individually submitted to
temperature tests (1000 and 1100 °C) to determine the best condition. Blended compositions used
to obtain the FGMs were defined as 20% to 20%. They were homogenized in a high-energy ball
mill, uniaxially pressed, sintered and analyzed microstructurally and mechanically. The results
indicated that 1100 °C/2 h was the best sintering condition, for both 316L stainless steel and 3-TCP.
For all individual compositions and the FGM composite, the parameters used for pressing and
sintering were appropriate to produce samples with good microstructural and mechanical properties.
Wettability and hemocompatibility were also achieved efficiently, with no presence of contaminants.
All results indicated that the production of 316L stainless steel/ 3-TCP FGMs through PM is viable
for dental and orthopedic purposes.

Keywords: 316L stainless steel; beta-tricalcium phosphate; biomaterials; powder metallurgy; functionally
graded materials

1. Introduction

Biomaterials compose a wide range of materials of various types, including alloys,
ceramics, glasses and biodegradable and non-degradable polymers, among others. They are
used in different areas of medicine and dentistry, for the repair or replacement of damaged
body parts. To be considered biocompatible and avoid compromising the patient’s health,
the material must not induce cytotoxic reactions in the organism [1,2]. The biomaterials
market is growing expansively, and according to the compound annual growth rate, it
is estimated that in five years the numbers can vary from 5.5% to 32% in some areas [3].
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Metallic biomaterials are widely used for clinical applications, representing about 70% of
all medical devices manufactured in the world, due to their good durability and excellent
mechanical properties [4].

The most common metallic materials used in the fabrication of these components in-
clude pure titanium, titanium-aluminum-vanadium, cobalt-chromium alloys and stainless
steels. They are often used because of their optimum load-bearing characteristics, high duc-
tility, wear and corrosion resistance. In the last decades, stainless steel has been considered
the main metal used for permanent [5,6] and non-permanent implant applications [4] such
as bone plates, pins and screws. This is because of its efficient biocompatibility, corrosion
resistivity and low cost when compared to titanium, cobalt and vanadium alloys [7,8].
However, metallic implants have a limitation due to their Young’s modulus. Cortical bone
presents a Young’s modulus value between 5 and 30 GPa, while, for 316L stainless steel,
it is about 190 GPa [9,10]. This difference can lead the implant to instability and failure
due to the stress shielding effect, which causes non-union between implant and bone, bone
necrosis and delay in the healing process [11].

In order to improve 316L stainless steel’s performance, various techniques have
been studied, from those focused on the coating surface to improve biocompatibility and
minimize the corrosion rate [11] to the use of drugs, to protect the material surface from the
corrosive physiological environment [12]. Furthermore, the association of this steel with a
bioceramic was analyzed to enhance their individual properties, for use as a composite
biomaterial for dental and orthopedic purposes, as seen in this research.

Calcium phosphate constitutes about 60 wt.% of bone, being the major inorganic
material of the bone system and representing 90 wt.% of the enamel tooth [12]. For this
reason, calcium-phosphate-based ceramics, especially beta-tricalcium phosphate (3-TCP),
are often used to replace small areas of the body, such as facial and dental traumas. In
addition, calcium phosphate present in the bone structure is responsible for the bone-
healing process, due to the osteoinductive aspect [12]. This fact is directly related to the
chemical composition of 3-TCP, which is very close to the mineral phase of the bone.

Previous studies indicate that 3-TCP provides attachment, differentiation and pro-
liferation of osteoblasts and mesenchymal cells [13,14]. Moreover, the Young’s modulus
of B-TCP is similar to that of the bone, which makes them both work together under
mechanical stress. The main disadvantages of this ceramic include its low mechanical
strength, which precludes its use in large areas of the body [15,16] and its high resorption
speed when compared to natural bone [17]. However, in terms of resorption, 3-TCP can be
better than other bioceramics such as hydroxyapatite (HAp). HAp has low properties of
resorption, inducing fractures inside the material or deficiency in the bond between the in-
terface of the bone and implant, resulting in bone deformation over the years. Furthermore,
HAp residue can injure the intrinsic strength of bone [18].

Powder metallurgy is a route widely used to produce workpieces through pressing
and sintering steps, using powders as precursor materials. With this, it is possible to obtain
materials with specific chemical compositions and shapes that are difficult to achieve by
conventional casting processes (as in the case of elements with high melting points, such
as tungsten, tantalum and niobium). Furthermore, there is no waste production, which
makes this process cleaner for the environment than other processes [19,20].

Functionally graded materials (FGMs) have been investigated since the 1980s. In this
technique, materials are manufactured by powder metallurgy but compacted differently,
forming a composite with different materials and adapting its microstructure through the
composite phases [21]. Instead of the usual pressing in single composition, the workpiece
is pressed by overlapping several small layers, or gradients, varying the composition and
microstructure continuously. In each of these layers, the properties are differentiated, as
each material has specific mechanical, chemical, physical and microstructural characteris-
tics [22]. For this reason, FGMs can be considered multiphase, and their manufacturing
process, as well as the material composition, influences the phases formed [21]. Initially,
FGMs were developed to solve thermal problems in space shuttles. However, researchers
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found that this route was extremely interesting for the production biomaterials since the
functional gradient simulates the natural condition of human bone [9,22].

Thus, this study aimed to obtain a biocomposite that combines the excellent mechani-
cal properties of 316L stainless steel with the excellent osteoinduction and osteoconduction
of B-TCP, by combining powder metallurgy with functional gradation. Thereby, it is
possible to create a final product for dental and orthopedic applications.

2. Materials and Methods

To produce 316L/B-TCP composites, 316L stainless steel was obtained from Hoganéas®
(Hoganas, Sweden), as gas atomized powder, with spherical morphology (Figure 1a) and
an average particle size of 46 um (Figure 1b). The chemical composition of 316L stainless
steel can be seen in Table 1, according to the Hogands datasheet [23].
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Figure 1. Particles size via SEM. (a) 316L stainless steel and (c¢) B-TCP and laser granulometry;
(b) 316L stainless steel and (d) 3-TCP.

Table 1. 316L stainless steel chemical composition.

Chemical Element Content %
Cr 17
Ni 12
Mo 2.5
Mn 1.5
Si 0.8
0.01
O 0.06
N 0.10
Fe Balance
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[-TCP was obtained as in [24], using calcium carbonate (CaCO3) and calcium phos-
phate (CaHPO,) reagents as powders, according to Equation (1):

CaCO3(S) + 2CaHPO4(S) — Cag(PO4)2(S) + HZO(g) + COZ(g) (1)

The powders were inserted in a mixer of the Edibon, model V-Blender (Edibon LTD,
Leganés, Madrid, Spain) with a speed of 18 rpm for 2 h. After this process, they were dried
at 100 °C for 1 h and sintered in an oven of the EDG Equipments and Controls, model EDG
3P-S (EDG Equipment LTD, Sao Carlos, Brazil) for 6 h at 1050 °C, with a heating rate of
10 °C/min. The powders’ deagglomeration was performed using a high-energy ball mill
of the Noah Nuoya, model NQM 0.2 L (Yangzhou Nuoya Machinery CO., LTD, Yangzhou,
Hanjiang District, China) for 1 h, at 150 rpm of milling speed and ball to powder ratio of
10:1. The particles obtained presented irregular morphology, as seen in Figure 2a, and an
average particle size of 10-12 um, represented in Figure 2b.
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Figure 2. The 316L stainless steel sintered at (a) 1000 °C for 2 h, (b) 1100 °C for 2 h, and (c) 1100 °C
for 4 h.

The small granulometry observed in 3-TCP particles deagglomerated in a high-energy
ball mill leads to the formation of clusters. It happens because of the tendency of very
fine powders to agglomerate, due to their extremely high surface energy and unsaturation.
Thus, the particles join together to achieve balance [25].

The individual layers of FGM require a composition evaluation. In this study, the
upper layers had a higher concentration of 316L stainless steel, which decreased with
a successive increase of 3-TCP in the composition of the bottom layers. Healing bone
fractures requires a precise alignment with a minimum motion of the bone in situ [26].
However, metallic devices used for these purposes have some disadvantages related to
their Young’s modulus, which is much higher than that of natural bone [9]. Therefore,
FGM composites were produced to overcome these disadvantages, due to their ability to
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imitate the natural gradation seen in bone tissue. In addition, knowing that the design
of the implant can directly affect fracture healing, FGMs are considered interesting, since
that they can provide a bending stiffness, while their Young’s modulus remains close to
the bone’s Young’s modulus, avoiding stress shielding effect [11,27]. In addition, FGMs
provide morphological properties that lead to good mechanical and physical characteristics
due to the related parameter control [9].

In this research, the FGM gradient was defined by varying the 316L stainless steel
and 3-TCP contents by 20% per layer, completing six different compositions as seen in
Table 2. The layers were defined according to an extensive study of literature [28-32]. The
316L stainless steel was blended with 3-TCP using a high-energy ball mill for 1 h, with
a speed of 150 rpm and a ball to powder ratio of 10:1. This process was performed in an
inert, N5-grade argon atmosphere (99.999%).

Table 2. Composition of FGM layers.

Layer Composition Constitution (v/v%)
1 Pure 100% 316L
2 Blended 80% 316L—20% B-TCP
3 Blended 60% 316L—-40% -TCP
4 Blended 40% 316L-60% 3-TCP
5 Blended 20% 316L-80% B-TCP
6 Pure 100% B-TCP

To produce the FGM composite, each layer with 1.3 mm of thickness was inserted on
top of another, in a 9 mm of diameter metallic matrix. After this, the FGM was compacted
in a uniaxial press (Marconi) with a load of 2 tnf. The composition of layer 1 was pressed
with 3% of zinc stearate, which was used as a lubricating agent in the compaction.

After pressing, pure compositions (1 and 6) were sintered individually in a furnace of
the Nabertherm, model Schaltplan (Nabertherm LTD, Nuremberg, Germany) at tempera-
tures of 1000 and 1100 °C for 2 h. These tests were performed to determine whether the
increment of 100 °C in sintering significantly affects the atomic diffusion of both materials,
which could result in lower production costs. The limit of 1100 °C was defined according
to [33,34], as the B-TCP phase becomes «-TCP in a range starting from 1125 °C up to
1430 °C. Temperatures below 1000 °C are also not appropriate for material densification.
Since this temperature could not be changed, composition 1 was also submitted to a small
test at 1100 °C for 4 h, to determine whether the increase in time would result in better
densification (through microhardness and microscopy analysis). If 316L stainless steel
presented satisfactory results for this test, it would be also applied for 3-TCP. Otherwise, it
would be discarded.

For all compositions, a heating rate of 10 °C/minute was applied until the material
reached the sintering temperature and maintained for 2 h. Exceptionally, composition
1 and the FGM composite were submitted to a preheating of 5 °C/minute up to 400 °C
for 1 h, to volatilize the zinc stearate. Inert, N5-grade argon atmosphere was used to
prevent oxidation.

To evaluate the microstructure of all sintered samples, tests of laser granulometry of
the Microtrac, model Turbotrac SDC (Microtrac Retsch GmbH, Pennsylvania, PA, USA)
optical microscopy of the Olympus, model BX41M (Olympus CO, Tokyo, Japan), scanning
electron microscopy (SEM) of the Carl Zeiss, model EVOMA 15 (Zeiss Microscopy, Jena,
Germany) in the modes backscattered electrons (BSD) and mapping by energy-dispersive
X-ray spectroscopy (EDS) were used.

X-ray diffraction of the PANalytical, model X'Pert Pro (Malvern Panalytical LTD,
Malvern, UK) was performed on pure 3-TCP after calcination and sintering, to evaluate
the formed phases (26 = 10° to 90°, 0.01° /s, and followed according to the study of [35]).
For the analysis of 3-TCP as a powder, a cobalt tube was applied, while for 3-TCP after
sintering, a chromium tube was used. For the peaks to be located in the same positions,
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the scan for the chrome tube was recalculated to 26 = 20° to 100°. The software X'Pert
HighScore Plus was used to identify the phases.

Archimedes’ principle was employed to determine density and porosity according to
ASTM C20-00 [36], as seen in Equations (2)—(4):

Py = m/v (2)
Psint = [M/ (Mgyp — M)] * p,0 3)
Pa = (my — m/V) %100 4)

where

py = green density (g/cm?),
Psint = sintered density (g/ cm?),
PH20 = Water density (g/cm?),
m = dry weight (g),

Mg, = suspended weight (g),
my = saturated weight (g),

V = volume (cm?), and

P, = apparent porosity (%).

Mechanical properties of each sintered composition were evaluated by microhardness
and compressive strength tests. For the microhardness test, a microdurometer (Time,
6301) was used, and the test was conducted according to ASTM E384-17 [37] and ASTM
E92-17 [38]. The load applied was of 9.8 N, and 10 linear indentations were executed per
sample. A compressive strength test has already been performed using a universal testing
machine (EMIC, DL), and the test followed the ASTM E9-19 standard [39]. Stress—strain
curves were obtained, and Young’s modulus was determined by analyzing five points of
the elastic region of each composition curve. After this, an average value was calculated
according to Equation (5):

E= o/¢ (5)

Wettability and hemocompatibility tests were performed to determine whether the
powder metallurgy route generates contaminations that make 316L stainless steel/3-
TCP FGM composites unfeasible to use as a biomaterial for inner implantation in the
human body. The wettability test was executed in each sintered composition, using a
goniometer (FM40Mk2, Kriiss GmbH, Hamburg, Germany), to analyze the contact angle
formed between the sessile drop and the material surface. With this, it is possible to
determine the potential of body fluids to spread over the surface of sintered samples.
The hemocompatibility test was accomplished to analyze the behavior of red cells when
in contact with the implant surface, and it was performed in compliance with ASTM
F756-17 [40]. The hemolysis rate was calculated according to Equation (6):

R=[(A—- C)/Cy — Cq)] %100 (6)

where

R = hemolysis rate (%),

A = sample absorbance (%),

C; = negative control absorbance (%), and
C, = positive control absorbance (%).

3. Results and Discussion

Results obtained in the tests of green and sintered density, apparent porosity, micro-
hardness, Young’s modulus, yield and ultimate compressive strength, contact angle and
hemolysis rate for individual compositions and 316L/ 3-TCP FGM composite are presented
in Table 3.



Metals 2021, 11, 1923 7 of 21

Table 3. Results obtained in the tests of green and sintered density, apparent porosity, microhardness, Young’s modulus, yield and ultimate compressive strength, contact angle and
hemolysis rate, performed for individual compositions and FGM composite.

. , . Ultimate .
ops Gree.n Smtel:ed Apparent Microhardness Young's Yield Compressive Contact Hemolysis
Composition Density Density Porosity (%) (HV) Modulus Strength Streneth Angle (0) Rate
(g/cm?) (g/cm®) y e (GPa) (MPa) 5 8 (%)
(MPa)
10(2)0h C 5.46 5.92 25.28 131 1.26 115.48 126.81 - -
1 100% 316L 1100 °C
2h 5.46 6.06 24.49 203 2.59 172.52 243.43 85.90 2.35
1100 °C
ih - - - 115 - - - - -
80% 316L
2 20% B-TCP - 4.53 4.85 2212 185.17 2.27 45.86 46.24 68.73 4.47
60% 316L
3 40% B-TCP - 3.76 3.98 21.58 161.80 2.08 35.98 36.23 71.30 2.62
40% 316L
4 60% B-TCP - 3.01 3.28 24.59 141.50 1.87 31.28 40.44 76.00 4.08
20% 316L
5 80% B-TCP - 2.54 2.83 25.68 122.20 1.73 17.18 24.81 63.33 242
1000 °C
6 100% B-TCP 2h 2.24 2.46 27.22 43.52 1.12 10.03 10.20 - -
1100 °C
oh 2.24 2.48 26.32 112.53 1.63 23.54 23.68 44.47 4.42

FGM - - 3.54 3.78 25.03 - 1.74 51.17 51.82 66.03 4.64
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3.1. Evaluation of Best Sintering Temperature

To determine the best sintering temperature, pure 316L and 3-TCP were evaluated at
1000 °C and 1100 °C, for 2 h. Moreover, 316L was also submitted to an additional test for
4 h (Table 3).

Analyzing the density values obtained from green to sintered samples, 316L/1000 °C
showed an increase of 7.77% in densification after sintering, while 316L /1100 °C had an
increase of 9.90%. From 1000 to 1100 °C, sintered 316L obtained an increase of 2.31% in
density. Considering that the density of casted 316L stainless steel is 8 g/cm? [41], it was
observed that samples sintered at 1000 °C presented 74% of densification, while those
sintered at 1100 °C had 76% densification. Relating these results with those obtained
by [42], who found a density of 68.7% for 1000 °C and 84.5% for 1100 °C, there is an
equivalence between the values indicated in literature and those obtained in this research.
Moreover, 3-TCP /1000 °C presented an increase of 8.94% from green to sintered density,
while 3-TCP /1100 °C, an increase of 9.68%. Furthermore, from 1000 to 1100 °C, only an
0.81% increase in density was observed. Compared to the density of 3.07 g/cm? for 3-TCP
found in literature [34], the temperature of 1000 °C presented 80.13% of densification, and at
1100 °C, it was 80.78%. Mehdikhani and Borhani [43] obtained an average densification of
88% for sintered 3-TCP at 1000 °C and 93% for sintered 3-TCP at 1100 °C (when compared
to [34]). In terms of apparent porosity, 316L./1100 °C showed values 3.13% smaller than
those of 316L/1000 °C. Similarly, 3-TCP /1100 °C presented an apparent porosity that was
3.31% smaller than that of B-TCP /1000 °C.

The optical microscopy results of sintered 316L stainless steel at 1000 and 1100 °C
for 2 h can be seen in Figure 2, as well as at 1100 °C for 4 h. Samples treated at 1000 °C
for 2 h (Figure 2a) showed well defined contours between particles. On increasing the
temperature to 1100 °C for 2 h (Figure 2b), the contours became less pronounced. Keeping
the temperature at 1100 °C and increasing the time to 4 h (Figure 2c), the contours remained
practically the same when compared to those at 2 h. These well-defined contours between
particles are due to insufficient atomic diffusion. Although there was an increase in
diffusion from 1000 to 1100 °C, most of the steel reached just the first stage of sintering,
with only a few particles reaching the second stage. Thus, it was verified that the increase
of 100 °C in sintering was not enough to make the particles achieve a full second stage.

As observed in Figure 2, the prolongation of sintering time did not result in an
improvement of atomic diffusion. Figure 3 also confirms this result, showing the grain
boundaries of 316L stainless steel after sintering at 1100 °C for 2 h and 4 h. By increasing the
time, the grains suffered severe growth. Particle analysis for each condition indicated an
average of 130 grains/particle for 2 h, while 4 h presented an average of 14 grains/particle.
A reduction of 89.23% was observed in the number of grains of particles sintered for 4 h.
Comparing the grain boundaries of 316L stainless steel sintered at 1100 °C for 2 and 4 h, it
was clear that the increase in sintering time worsened the microstructural conditions of
316L stainless steel, as a result of severe grain growth. It happens because of the excess of
energy inserted in the process. The longer the time, the higher the tendency of grains with
more energy to encompass grains with lower energy, making the total volume of contours
and surface energy decrease. Thus, the propagation of cracks occurs more easily, which
decreases the mechanical strength values of the material.

The bad outcome of 316L./1100 °C/4 h was also confirmed through the microhardness
test (Table 3). By increasing the sintering temperature from 1000 to 1100 ° C for 2 h,
microhardness increased by 35.63%. Keeping 1100 °C and changing the time to 4 h,
microhardness decreased by 43.40%. In general, the condition of 1100 °C/4 h obtained
the lowest microhardness between the three conditions, since the cracks moved more
easily in the microstructure of 316L sintered at 4 h. Comparing the values found with
literature (225 HV for casted 316L stainless steel [44]), 1000 °C/2 h presented 58.17% of
the casted microhardness, while 1100 °C/2 h presented 90.39% and 1100 °C/4 h, 51.16%.
After the analysis of pure 316L, the condition of 1100 °C/4 h was discarded from the
compressive strength test and 3-TCP analysis, due to the worse microstructural and
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microhardness results that it presented. The only way to improve the atomic diffusion of
316L stainless steel would be by increasing the energy of the sintering process since both
temperatures of 1000 and 1100 °C are below 1200 °C, which is indicated in literature [45]
as the ideal temperature for 316L stainless steel sintering. At this temperature, the atoms
of 316L achieve the third diffusional stage with only 1 h of heat treatment. However, the
use of 1200 °C is not viable for 316L stainless steel/3-TCP FGM composites, due to the
B-TCP — «-TCP transition at 1125 °C. The limitation in the temperature range makes
the improvement of the diffusional process impossible for this steel. Thus, 1100 °C/2 h
was chosen as the condition to sinter the blended compositions and the FGM composite.
Although some properties showed more impressive results than others, in general, most
properties presented significant improvement. This justifies the use of higher energy in
the process.

3161 /1100 °C / 4 hours

 CR
- T

Figure 3. The 316L stainless steel particles indicating grain sizes after sintering at 1100 °C for 2 h and
4h.

Figure 4 shows the micrographs of 3-TCP sintered for 2 h at 1000 °C (Figure 4a) and
1100 °C (Figure 4b). At 1100 °C, the presence of white dots in the matrix was higher than
that at 1000 °C. These dots correspond to precipitates formed during sintering.

Figure 4. Micrographs of 3-TCP sintered at (a) 1000 °C and (b) 1100 °C.

To determine the origin and composition of the precipitates observed in Figure 4,
sintered 3-TCP/1100 °C/2 h was subjected to preliminary SEM analysis (Figure 5). As
seen in Figure 5a via BSD, a homogeneous matrix and the presence of pores were observed.
The precipitates were not identified, as they could only be seen in optical microscopy.



Metals 2021, 11, 1923

10 of 21

Although BSD analysis did not show the location of these precipitates, surface mapping was
performed to verify the possible presence of regions with different chemical compositions.
As can be noted in Figure 5b, the chemical elements Ca, P, Fe and Mg, corresponding to
B-TCP were homogeneously dispersed along in the matrix, showing no heterogeneity.

S CB T e O O
AR

29,7

Figure 5. SEM analysis of sintered 3-TCP /1100 °C/2 h: (a) BSD and (b) mapping.

Through X-ray diffraction analysis (Figure 6), it was possible to identify beyond the (3-
TCP phase (JCPDS 09-0169, R3¢ rhombohedral crystal structure), the presence of two other
phases, corresponding to two calcium phosphides: CaP (JCPDS 74-0616, P62m hexagonal
crystal structure) and CasPg (JCPDS 82-0807, C2/m monoclinic crystal structure). These
secondary phases corresponded to the precipitates indicated in Figure 4, formed during
sintering [46]. The Ca/P system can have several crystalline phases, with the calcium
phosphides CaP, CazP; and CasPg being the most commonly formed ones (since only
a change in stoichiometry occurs). When Ca/P precipitation occurs in supersaturated
aqueous solutions, a metastable amorphous phase is rapidly formed in the early stages
of the reaction. After this formation, it can be converted into the most commonly found
crystalline phases: hydroxyapatite (Cas(PO4)3(OH)), 3-TCP (Caz(POy4),) and pentacalcium
orthophosphate (CasPg) [47,48]. These precipitates could not be observed in SEM/BSD,
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being only identifiable through optical microscopy. In BSD mode, images are formed
through the difference between the atomic weight of chemical elements. Since the chemical
elements of matrix and precipitates are equal, no differentiation occurs in the micrographs.
In optical microscopy, images are produced by light reflection. After sanding and polishing,
the surface of the hardest material becomes higher (matrix or precipitate), since it resists
the metallographic process more than the material with lower hardness does. Thus,
optical microscopy images show different reflections between the 3-TCP matrix and the
precipitates formed.
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Figure 6. 3-TCP diffractogram after sintering at 1100 °C for 2 h.

The microhardness test results of 3-TCP sintered at 1000 and 1100 °C for 2 h can be
seen in Table 3. At the temperature of 1100 °C, values 61.33% higher than those at 1000 °C
were obtained. Comparing these values with those indicated by [49] for 128 HV at 1000 °C
and for 229 HV at 1100 °C; sintering at 1000 °C showed 34% of this value, while at 1100 °C,
it was 49.14%. Since CaP and CasPg precipitates present greater hardness than the matrix,
the better microhardness found for 1100 °C is justified by the higher presence of these
precipitates for this condition, when compared to 1000 °C. The atomic diffusion was also
higher with the increase of 100 °C in sintering temperature.

Stress—strain curves obtained for 316L stainless steel and B-TCP sintered at 1000
and 1100 °C/2 h are shown in Figure 7. The values obtained from these curves have
already been shown in Table 3. For both temperatures, 316L stainless steel curves presented
behavior consistent with literature for metallic materials, where elastic and plastic regions
are clearly defined. The 316L stainless steel /1100 °C presented values of Young’s modulus
51.35%, yield strength 33.06% and ultimate compressive strength 47.91% higher than
those at 1000 °C. Correlating these values with those found by [42,50,51] for casted 316L
stainless steel (190-200 GPa for Young’s modulus, 200-700 MPa for yield strength and
330 MPa for ultimate compressive strength), the values found for both temperatures
were lower: 1000 °C showed values of Young’s modulus 99.34-99.37%, yield strength
42.26-83.50% and ultimate compressive strength 61.57% inferior to those in literature. In
the same way, 1100 °C presented inferior values for Young’s modulus (98.64-98.71%),
yield strength (13.74-75.35%) and ultimate compressive strength (26.23%). Observing the
Young’s modulus of cortical bone (10-30 GPa) [50], the values found for 316L stainless steel
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sintered at both 1000 and 1100 °C were also lower (87.4-95.8% for 1000 °C and 74.1-91.37%
for 1100 °C).

——316L /1000 °C / 2h
250 4 ——316L /1100 °C/ 2h
———B-TCP /1000 °C / 2h
——B-TCP /1100 °C/ 2h
~ 200 -
~
S
~ 150 -
A4
)
S
~—
2 100 4
50 -
0_

1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain (mm/mm)
Figure 7. Stress—strain curves of 316L stainless steel and 3-TCP sintered at 1000 and 1100 °C for 2 h.

Comparing 3-TCP sintered at 1000 and 1100 °C with 316L stainless steel, the main
difference observed in the curves of ceramic materials was the higher percentage of yield
and ultimate compressive strengths that metallic materials could tolerate. While 316L
supported an average stress of 100200 MPa, 3-TCP endured only 10-20 MPa. In general,
from 3-TCP sintered at 1000 to 1100 °C, there was an increase of 31.29% in Young’s modulus,
57.39% in yield strength and 56.93% in ultimate compressive strength. Equating these
values found with those indicated by [50-52] of 21 GPa for Young’s modulus, 2 GPa for
yield strength and 35-200 MPa for ultimate compressive strength, as well as for 316L
stainless steel, 3-TCP also presented values below literature. For 1000 °C, 3-TCP showed
values 94.67% smaller for Young’s modulus, 99.50% for yield strength and 70.86-94.90%
for ultimate compressive strength. Likewise, for 1100 °C, 3-TCP presented values 92.24%
smaller for Young’s modulus, 98.82% for yield strength and 32.34-88.16% for ultimate
compressive strength. Thus, both temperatures exhibited values for these properties that
were below those found in the literature. In addition, the authors of [51] found a Young’s
modulus of 1.60 GPa for 3-TCP produced with 50% of porosity. The value of 1.63 GPa
obtained in this study for sintered 3-TCP at 1100 °C with an apparent porosity of 26.32%
was close to this value. As for 316L stainless steel, 3-TCP presented, for both 1000 and
1100 °C, a Young’s modulus below that of cortical bone (10-30 GPa) [50].

The results obtained in the temperature tests indicated that, for density, apparent
porosity, microhardness, Young’s modulus, yield and ultimate compressive strengths, both
316L stainless steel and 3-TCP presented better outcomes at 1100 °C. This is due to the
higher densification obtained in these samples, since an increase of 100 °C in sintering
implies greater atomic diffusion, and consequently, lower porosity. Furthermore, for 3-TCP,
the better results found at 1100 °C are a consequence of the higher formation of CaP and
CasPg precipitates at this temperature.

In addition, materials produced by powder metallurgy naturally present reduced
mechanical strength when compared to casted materials, which is attributed to the larger
volume of pores that this technique provides. Pronounced porosity reduces the number of
chemical bonds in the material as a whole, decreasing its mechanical strength. The larger
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percentage of heterogeneous pores also results in differentiated rupture stresses between
samples, making this parameter not relevant for analysis. These lower values found in
mechanical properties of both 316L stainless steel and 3-TCP may be inappropriate for
some uses that require high strength. However, they are considered extremely important
for biomaterials destined for implantation in the human body, because, when the Young’s
modulus of the material is higher than the Young’s modulus of bone, it absorbs all tension.
This absorption leads the material to experience a stress shielding effect, which leads the
host bone to suffer atrophy [53].

3.2. Microstructural and Mechanical Analysis of Blended Compositions and FGM

Powder metallurgy is a process that consists of combining two or more materials
through sintering to obtain a compact and uniform matrix. The green density of the compact
affects strength, porosity and densification of the final material [54,55]. The properties of
FGM materials obtained by powder metallurgy are also highly influenced by compaction
pressure, time and temperature of sintering [56]. For these reasons, for both pure 316L
stainless steel and 3-TCP, green and sintered density, apparent porosity, microhardness
and compressive strength tests were performed on the blended compositions and the FGM
composite, after the definition of the best sintering condition (Table 3).

Each blended composition presented an increase of 5-10% from green to sintered
density. Moreover, an average of a 15% decrease was observed in densities from one
composition to another (2 to 5). For FGM composite, both green and sintered densities were
located between the values obtained for compositions 3 and 4. Regarding apparent porosity,
it was observed that as the proportion of 316L stainless steel content of compositions
decreased, the apparent porosity also decreased. When a reversal between compositions 3
and 4 occurs, apparent porosity starts to rise, until it reaches a value close to pure 3-TCP.
The porosity of the FGM composite was located between the porosities of compositions 4
and 5. Furthermore, pure 316L stainless steel and 3-TCP showed values very close to each
other (24.49% and 26.32%, respectively).

For microhardness, an average pattern of a 12-14% decrease from one composition
to another was observed. In the same way as for density and apparent porosity, with the
decrease of 316L stainless steel content in the compositions, the values also decreased, until
they reached values close to those of pure 3-TCP.

Figure 8 shows the stress-strain curves of blended compositions and FGM composite.
It was verified that as the percentage of 3-TCP in the compositions increases, the behavior
of the curves is more fragile, with an abrupt break and practically no plastic deformation.
The values of yield and ultimate compressive strengths also become smaller. For com-
positions 3 and 4, a great similarity between both was noticed, since they have similar
compositions. Curves of compositions 2 and 5 stand out from the others, as they have the
highest percentages of 316L stainless steel and 3-TCP among all compositions, respectively,
implying a behavior more similar to the pure compositions. Composition 2 supported the
highest stress among all blended compositions, while composition 5 withstood the smallest.
The FGM composite presented behavior similar to that of the blended compositions and
supported the second highest values of yield and ultimate compressive strengths among all
individual compositions, losing just to pure 316L stainless steel (composition 1). In general,
the compositions with higher content of steel presented better mechanical properties, due
to the greater ductility that they possess, in comparison to ceramics.

Analyzing the values obtained for Young’s modulus, yield and ultimate compressive
strengths, blended compositions presented an average decrease of 5-13% in Young’s mod-
ulus from one composition to another. Already for yield strength, an average decrease
of 13-45% from one composition to another was noted. Lastly, for ultimate compressive
strength, a variation of 10-40% was observed, of increase or decrease. The FGM composite
presented values close to that of composition 5 for Young’s modulus and close to those
of composition 2 for yield and ultimate compressive strengths. Young’s modulus is con-
sidered the most important parameter for biomaterials intended for pin, screw and plate
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applications. In general, it was observed that for all compositions and the FGM composite,
the values of Young’s modulus were below those indicated in literature for cortical bone.
Thus, the risk of bone atrophy is eliminated. However, it is necessary to evaluate the aging
behavior of the composite, since the layers could be affected by the biological environment,
harming the implant’s performance.

60
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Figure 8. Stress—strain curves of blended compositions and FGM composite.

Micrographs of blended compositions can be seen in Figure 9. The 316L stainless steel
particles (white regions) were homogeneously dispersed in 3-TCP (dark gray regions),
as well as CaP and CasPg precipitates (light gray regions). Figure 9a (composition 2),
Figure 9b (composition 3), Figure 9c (composition 4) and Figure 9d (composition 5) rep-
resent the gradual variation of the composition of the layers, where the increase in 3-
TCP content occurred at the same proportion by which the percentage of 316L stainless
steel decreased.

The FGM composite after uniaxial pressing is shown in Figure 10. All layers were dis-
tinctly compacted on each other to form a single composite. The upper region with darker
shade corresponds to 316L stainless steel, and its composition was gradually inverted until
it reached the lighter shade (corresponding to 3-TCP).

Optical microscopy analysis of FGM composite after sintering can be seen in Figure 11.
The 316L stainless steel and (3-TCP particles were homogeneously distributed along with
the composite. Similarly, it was possible to evenly see the individual compositions.

Figure 12 shows SEM/EDS analysis of FGM composite by mapping. The first region
of Figure 12a identifies a higher concentration of chemical elements Ca, P, and Mg, since
they represent 3-TCP. As the percentage of 316L stainless steel in the composite increased,
the presence of Ca, P and Mg became smaller, in the same way that the chemical elements
Fe, Cr, Ni, Mo, Mn and S constituents of 316L stainless steel, become higher. This was also
confirmed by mapping each chemical element individually (Figure 12b).
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Figure 9. Micrographs of blended compositions (a) 2; (b) 3; (¢) 4; and (d) 5.

Figure 10. FGM composite after uniaxial pressing.
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Microstructural analysis of the FGM composite by optical and scanning electron
microscopy showed that there was no delamination between layers, with a good interfacial
bond. It indicates that the 2 tnf of load used in pressing was sufficient to properly unite the
composite particles. The layers can be seen to be well defined and densified on each other,
with particles of 316L stainless steel and 3-TCP homogeneously distributed. It reveals that,
although the diffusion of individual compositions reached only the first and second stages
of sintering, it was enough to maintain the composite stable.

3.3. Wettability and Hemocompatibility Analysis of Individual Compositions and FGM

Figure 13 shows the contact angle formed between the sessile drop and the surface
of the individual compositions and the FGM composite. Observing the results obtained
for contact angle (Table 3), it was verified that all compositions demonstrated hydrophilic
characteristics. Composition 1 showed the highest contact angle, being the closest to 6 = 90°
(angle that divides hydrophilic from hydrophobic behavior). Composition 6 presented the
lowest contact angle. The blended compositions and the FGM composite presented angles
between those of compositions 1 and 6. Composition 2, with only 20% of 3-TCP, improved
20% in wettability when compared to pure 316L stainless steel. The FGM composite showed
good wettability, with an angle between that of compositions 4 and 5. Comparing the
results obtained with those indicated in literature for the pure materials, the values found
were consistent. Metsger et al. [51] indicate a contact angle of 75° for 316L stainless steel.
Similarly, Pang et al. [57] found a contact angle of 65.5° for 3-TCP. Both values are very
close to those found in this work. As presented in literature by [58], the larger the contact
angle, the more hydrophobic the material (which tends to repel liquids from its surface). In
the same way, the smaller the contact angle, the more hydrophilic the material (which tends
to attract liquids to its surface). The maximum contact angle value for hydrophilic materials
is 8 =90°, and above this value, the material is considered hydrophobic. For contact angle,
the results showed that the addition of 3-TCP significantly improved the wettability of all
compositions with 316L stainless steel, due to its high hydrophilic behavior. Knowledge
of hydrophobic or hydrophilic behavior is extremely important for materials intended for
implants, as the more hydrophilic the material is, the greater the spreadability of body
fluids over the implant surface will be and, consequently, the greater the osteointegration
will be.

OC

Figure 13. Contact angle formed between the sessile drop and the surface of individual compositions
and FGM composite in the longitudinal direction.
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Regarding hemolysis rate, it was verified in Table 3 that composition 1 was 53%
below 5% of the hemolysis rate, composition 2 was 10.6%, composition 3 was 47.6%,
composition 4 was 18.4%, composition 5 was 51.6%, composition 6 was 11.6% and the FGM
composite was 7.2% below 5% of the hemolysis rate. Comparing the values obtained with
those indicated in literature for the pure materials, there is a great consistency. For 316L
stainless steel, [59] found a hemolysis rate of <3%. For 3-TCP, [60] found a hemolysis rate
of 2.9%. Thus, composition 1 presented a rate 53% lower than that found in literature, while
B-TCP had a rate that was 34.39% higher. Even with the variability in the results presented,
they are still very close and below 5% of hemolysis rate, which indicates the high hemo-
compatibility of the individual compositions and the FGM composite. According to ASTM
F756-08 [61], materials with hemolysis up to 5% are considered highly hemocompatible.
In this study, although some compositions showed slightly higher rates than others, all of
them were considered highly hemocompatible, as seen in previous studies [59,62]. Even
if the literature indicates that both 316L stainless steel and 3-TCP have good wettability
and hemocompatibility, this indication is not related to materials produced by powder
metallurgy. It is known that this technique has, besides great handling (which comes
from obtaining the powders, pressing and sintering), the formation of parts with a large
pore volume. These factors contribute substantially to the possibility of contamination.
However, as shown by [63,64], the presence of pores for biomaterials intended for implants,
such as pins and bone plates, is extremely important, since the concentration of macropores
interconnected with micropores increases penetration of body fluids, which improves the
number of cell bonds, protein adsorption and osteogenic differentiation. Thus, despite
the great inherent risk of the process, the use of porous materials is considered very ad-
vantageous, and a study of the potential for contamination is necessary. Despite this risk,
both the wettability and hemocompatibility analyses performed in this research indicated
that the individual compositions and the FGM composite using 316L stainless steel and
B-TCP as precursor materials by powder metallurgy did not compromise their results
when compared to materials produced by the conventional manufacturing processes. It is
also noteworthy that the formation of CaP and CasPg precipitates in the 3-TCP matrix did
not compromise its biological performance in the referred tests.

4. Conclusions
From the results obtained in this study, it was possible to conclude that

1.  Tests performed to determine the ideal sintering condition indicated that the best
microstructural and mechanical results were obtained for 1100 °C/2 h; the condition
of 1100 °C/4 h was considered unsatisfactory.

2. The blended compositions and the FGM composite presented microstructural and
mechanical properties as good as those of pure compositions (316L stainless steel and
B-TCP).

3. SEM analysis of FGM composite showed good layering of each composition. Through
mapping by EDS, it was observed that its chemical composition was homogeneously
distributed throughout the composite.

4. For wettability and hemocompatibility tests, both individual compositions and FGM
composite presented hydrophilic behavior and high hemocompatibility. It showed
that 316L stainless steel/3-TCP composites produced by FGM are possible. It is
because the powder metallurgy route did not insert contaminations in the composite
that would make it unviable.

5. Finally, the FGM composite obtained in this study showed good microstructural
and mechanical characteristics, indicating that this material could be considered as a
strong candidate for dental and orthopedic applications, but additional experiments
to analyze the integration between bone and implant must be performed.
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