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Metalurgia e materiais

Microstructural and mechanical
analysis of 316L SS/ 3-TCP
composites produced though
the powder metallurgy route

Abstract

The 316L stainless steel (316L SS) is one of the most used metallic materials for
implants, due to its high mechanical properties and low cost. However, it is bioinert.
One possibility to improve its biocompatibility is the production of a composite with
B-tricalcium phosphate (3- TCP) addition. This study investigated the mechanical be-
havior of 316L SS/B-TCP composites through powder metallurgy. For this, used were
3 compositions, with 0 %, 5 % and 20 % of B-TCP. The compositions with 5% and
20% were milled during 10 hours with a mass/sphere ratio of 1:10 and 350 rpm. All
compositions were uniaxially pressed with 619 MPa and sintered during 1 hour at
1100°C. The microstructural and mechanical evaluations were performed through
scanning electron microscopy, density and compressive strength. The results indicated
that, by increasing the percentage of -TCP in the compositions, the mechanical resis-
tance decreases, as a consequence of its low load support.

Keywords: beta tricalcium phosphate, 316L stainless steel, composites, powder metallurgy.
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1. Introduction

In general, the primary destination
of metallic biomaterials is in the orthope-
dic field for the manufacture of prostheses;
implants to replace bone tissue and fasten-
ing devices (the fastening devices are used
to stabilize fractured bones while bone
regeneration occurs). The main reason
that leads medical companies to use me-
tallic biomaterials to produce orthopedic
devices is due to their ability to withstand
significant loads, their high fatigue resis-
tance and ability to suffer plastic defor-
mation before failure, properties that are
not possible to achieve in pure ceramic or
polymeric biomaterials (Lin et al., 2016;
Lai et al., 2018).

An important parameter used to
decide the correct material for a specific
destination, in terms of mechanical ap-
plications, is the Young's modulus. If the
Young's modulus of the material used to
manufacture an implant is much higher
than the bone, the load support is not
considered ideal. Consequently, this can
result in a mechanical isolation of the
material, and the equilibrium of tension
observed to induce the bone remodeling
is hampered, occurring then the loosening

2. Materials and methods

The B-TCP was purchased from the
company Vetec® with an average particle
size of 5 pm and density of 3.14 g/cm3. The
316L stainless steel powder was purchased
from the company Lupatech® S/A, with
particle size below 20 pm and density of
3.95 glem? . For the milling process of the
composites, used was a high-energy plan-
etary mill Noah-Nuoya® NQM 0.2 L with
rotation of 350 rpm, ball to powder mass
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of the prosthesis (Rao et al., 2017; Bobbert
et al., 2017, Kuffner et al., 2015).

Some of the metals more commonly
used to manufacture implants include
the 316L stainless steel, the titanium-
aluminum-vanadium (Ti 6Al 4V) and
Co-Cr alloys. The 316L SS is a material
that presents lower cost than the titanium-
aluminum-vanadium and Co-Cr alloys.
Also, it is easily accessible, which makes it
a suitable material in the medical industry,
especially for applications such as ortho-
pedic implants. However, the 316L SS is
bioinert, which complicates its integration
with the bone tissue, causing the reduction
of the durability of the implant. A strategy
widely used is the 316L SS coating applied
with other materials, such as the calcium
phosphate ceramics (CPCs) (Sing et al.,
2016; Jenko et al.,2017; Kaita et al., 2018).

The calcium phosphate ceramics
(CPCs) are a class of biocompatible and
bioactive materials widely used for bone
tissue repair. The CPCs have ideal surface
properties for the adhesion and prolifera-
tion of osteoblasts, stimulating the forma-
tion of new bone, being thus considered
osteoconductive and osteoinductive. The

ratio of 1:10 and milling time of 10 hours.

The proportion of the powders for
the composite production was defined from
other studies performed with the addition
of B-TCP and hydroxyapatite CPCs. Dif-
ferent compositions of the composite 316L
stainless steel with hydroxyapatite have been
studied in amounts of 0 to 50 wt. % (Silva
et al.,2013). An example is the study of the
hydroxyapatite behavior during the 316L

Composition 316LSS pB-TCP
1 100 % 0%
2 95% 5%
3 80% 20%

After the milling process, the
samples were uniaxially pressed with
pressure of 619 MPa. In sequence, the
samples were sintered in a vacuum
furnace up to 1100°C at a 10°C/min
rate, maintained for 1 hour and then
naturally cooled inside the furnace.
The characterization of the com-
posites was performed using a Carl
Zeiss EVO® MA1S5 scanning electron
microscope. In the secondary elec-

tron mode (SE), the variation of the
particles size, the morphology of the
forerunner and composites powders
were analyzed. In the energy dispersive
x-ray mode (EDX), the chemical com-
position of the composites was evalu-
ated. The samples were also subjected
to the compressive resistance test at
room temperature to determine their
Young's modulus. For the procedure,
an Instron® 8001 testing machine with
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osteoinductive capacity of the CPCs in
vivo is associated with the solubility and
capacity of reabsorption that they present.
The CPC tricalcium phosphate (TCP)
occurs in two phases: o and . However,
B-TCP is most commonly used in bone
regeneration. Despite the excellent bioac-
tive and biocompatible properties, the
CPCs have low fracture resistance and low
bearing capacity, which limits their ap-
plication without a reinforcement. Thus,
recent works have sought to increase the
load capacity and resistance of the CPCs
using other materials, as reinforcement,
such as metals or alloys (Ataollahi et al.,
20135; Torres et al., 2016).

In this direction, the main objective
of this study was to produce through the
powder metallurgy route, a composite
with 316L SS and B-TCP, combining the
good mechanical properties of the steel
and the excellent bioactive characteristic
of the ceramic. Studies like Kuffner et al.
2017 also studied the microstructural and
mechanical behaviour of metal-ceramic
composites through powder metallurgy
with high energy ball milling, being thus
used as a reference in this study.

SS sintering, where 5, 10 and 15 wt. % of
hydroxyapatite were used to obtain a new
composite (Szewczyk-Nykiel and Nykiel,
2010). Another case refers to the develop-
ment of a biphasic hydroxyapatite/3-TCP
cement, with relevant properties as synthetic
bone grafts and bioactivity in amounts of
0,20, 40, 60, 80, and 100 wt. % of B-TCP
(Gallinetti et al., 2014). The proportions
used in this study are shown in Table 1.

Table 1
Compositions used in the composites.

load control condition with an off rate
constant cross-head speed of 2 mm/
min was used. The results were tested
for normality and are shown as the
mean = standard deviation. Differ-
ences between groups were evaluated
using variance analysis followed by the
Student-Newman-Keuls post hoc test.
The level of significance was set at p <
0.05. The density was evaluated using
the Archimedes principle.



3. Results and discussions

Figure 1 shows the forerunner
powders of the B-TCP (Figure 1a) and
the 316L SS (Figure 1b). As can be
seen in Figure 1a, the B-TCP presents

Figure 1
SEM analysis of the
forerunner powders (a) B-TCP (b) 316L SS.

The analysis of the compositions
2 and 3 after 10 hours of milling can
be seen in Figure 2. In composition
2 (Figure 2a), it is possible to verify

Figure 2
SEM analysis after 10 hours of milling
(a) Composition 2 (b) Composition 3.

Figure 3

SEM analysis after

sintering for (a) Composition 1

(b) Composition 2 (c¢) Composition 3.

particle sizes in a range of 0.5 pm to
5 pm and morphology predominantly
irregular, with presence of clusters. In
Figure 1b, it is possible to observe that

Tum DHT = 24.00 KV
Jpt——).

Mag = 24.00 KX DTCP
WD = 100mm

Signal A=SE1

PO0MM, o361

that the 316L SS particles presented
a flaky morphology with a size
smaller than 40 pm. Composition 3
(Figure 2b) showed smaller sizes than

Mag=1.00 KX
Signal A=SE1

EHT =20.00 KV
WD =10.0 mm
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the particle sizes of the 316L SS are
localized in a range of 10 pm to 40 pm,
also presenting irregular morphology
and clusters.
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Mag = 100X

composition 2, with particle sizes
smaller than 20 pm. The presence of
clusters is more pronounced in com-
position 3.
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The microstructure of the composi-
tions 1, 2 and 3 sintered at 1100°C can be
seen in Figure 3. It is possible to observe in
Figure 3a that the pores are not evenly dis-
tributed due to the different particle sizes
of the 316L SS. In Figures 3b and 3¢, cor-
responding respectively to compositions 2
and 3, it is possible to see that the B-TCP

Composition

Microstructural and mechanical analysis of 316L SS/ 3-TCP composites produced though the powder metallurgy route

is distributed in the boundary of the 316L
SS particles. This is explained through
the ductile-brittle alloying mechanism
induced during the high energy milling
process. During the process, the ceramic
particles of the B-TCP become entrapped
in the interlamellar spaces of the 316L SS
particles due to the high impact between

Young's Modulus (GPa)

1 6.046 £ 0.289
2 2.259 £0.032
3 0.863 £0.0214

It is possible to observe the reduc-
tion in the Young's modulus when the
amount of B-TCP increases. The -TCP
is a material that has good biodegrad-
ability and biocompatibility, but presents
low mechanical and fracture resistance
after sintering (Tricoteaux et al., 2011;
Dong et al., 2002). The value of Young's
modulus ranged from 6 GPa for com-
position 1 (without B-TCP) to 0.82 GPa
for composition 3 (with 20% of B-TCP).
These values are higher than a porous
bone (50 - 400MPa) but smaller than the
cortical bone (17 = 1.7 GPa and 20 = 1.3
GPa) when measured in the longitudinal
direction by mechanical and ultrasonic
testing, respectively (Martin et al., 1993;
Reilly and Burstein, 1975; Ashman et al.,
1984; Zysset et al., 1999).

The low value of Young's modulus
obtained for the pure 316L stainless steel

The density values obtained after
the sintering process can be observed in
Figure 5. When comparing the density
before sintering (composition 1 = 6.67
g/cm3, composition 2 = 5.40 g/cm? and
composition 3 = 4.07 g/cm3) with the
density after sintering (composition 1 =
6.85 g/cm3, composition 2 = 5.99 g/m?3
and composition 3 = 4.41 g/cm3), there
can be observed an increase of 2.63 %
of densification for composition 1, of

(6 GPa) in comparison with the 316L
stainless steel obtained through the melt-
ing process (200 GPa) is certainly due
to the powder metallurgy route, which
produces samples with a high percentage
of pores. In fact, the metal device that
possesses higher elastic modulus than the
bone receives most of the load, causing
stress shielding in the adjacent bone. The
absence of mechanical stimulation with
the bone can induce its reabsorption,
which may result in failure and loosen-
ing of the implant (Navarro et al., 2008;
Huiskes et al., 1992; Bauer et al., 1999).
Thus, the reduction in the elastic modulus
observed by the addition of -TCPin 316L
SS may represent an advantage as regards
the shielding tension in the adjacent bone.
Another advantage that can be highlighted
is the increase of the osteoconductive
and osteoinductive properties by adding

N
=)

E=Porosity
[ Young' s Modulus

w
o
1

Porosity (%) Young' s Modulus (GPa)
o 5 8

Composition

9.85 % for composition 2 and 7.71 %
for composition 3.

There is a correlation between
the decrease in the density values of
the sintered samples with the increase
of the density in the B-TCP composite.
The density obtained for the 316L SS
sintered at 1100°C for 1 hour without
addition of B-TCP was 85.63 % in
comparison with the melted 316L SS
(8 glem3). With addition of 5% and
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the particles and the milling spheres,
which leads the B-TCP particles to show
up in the boundary of the 316L SS after
sintering (Suryanarayana, 2001).

The Young's modulus obtained
through the compressive resistance test
for the compositions 1, 2 and 3 is shown
in Table 2.

Table 2
Young's modulus of the sintered samples.

B-TCP in the 316L SS.

Figure 4 shows the Young's modulus
versus the porosity of the compositions
1, 2 and 3. It is possible to note that, by
increasing the percentage of -TCP in the
composites, the Young’s modulus reduces
drastically. Tt happens due to the increase
in the porosity, which reduces the percent-
age of chemical bonds, and consequently,
the mechanical resistance. As can be seen
in Figure 4, by adding only 5% of B-TCP
to the composite (composition 2), implies
in a reduction of 63% in the Young’s mod-
ulus of this composition. Increasing the
percentage of -TCP to 20% (composition
3), the Young’s modulus decreases another
23%.1In comparison with the composition
1 without B-TCP addition, it represents a
reduction of 86% in the Young’s modulus
of the composition 3 with 20% of B-TCP
(Tricoteaux et al., 2011).

Figure 4

Graph of Young’s modulus and

porosity of the compositions 1, 2

and 3. The results are presented as the
mean * standard deviation from 3 samples.

20% of B-TCP, these density values
decreased to 74.88 % and to 55.13 %,
respectively, in comparison with the
melted 316L SS. In fact, by increasing
the amount of B-TCP in the compos-
ites implies a decrease in the density
values of the sintered samples. There
is a significant statistical difference
in the density values of the composi-
tions 2 and 3 when compared with
composition 1.



Figure 5

Graph of density of the samples after the
sintering process at 1100°C. The results
are presented as the mean # standard
deviation from 3 samples. * p< 0.05 when
compared with melted 316L SS, sample 1.

The EDX spectrum shown in
Figure 6 indicates the quantitative
presence of each element that com-
pounds the 316L SS (Fe, Cr and Ni)

Figure 6
EDX spectra of the composition
2 showing the peaks of Fe, Cr, Ni, Ca, P.

The EDX mapping technique was
used to evaluate the distribution of
the chemical elements in composition
2 (Figure 7). It is possible to observe
the presence of atoms of calcium and
phosphorus, which are part of the
composition of the B-TCP, as well as

Figure 7
SEM mapping of the atomic
composition of the composition 2.

[ Green Density
1 B Sintered Density|

1
AR
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2%
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N N O N )

L
SR

55

L
S,

o
’

1 2

Composition

as well as the B-TCP (Ca and P). As
can be seen in Figure 7, the com-
posite has a ratio of 1/3 phosphorus
atoms f for each atom of calcium.

Moénica Huguenin de Araiijo Faria et al.

In fact, this is due to the molecular
formula of the B-TCP, where there
are 3 atoms of calcium for 1 atom
of phosphorus.

cpseV
241 P-KA Ca-KA CrKA Ni-KA
224 _Element  Line  WL%  AL%
] Ca Ka 4.63 0.23
1 P Ka 1.25 216
207 cr Ka 10.00 10.78
‘ Ni Ka 11.70 10.73
184 Fe Ka 63.33 61.00
1 Total ~100.00  100.00
16}
14-
12+
10- i
8]
6
4
24
3

the iron, nickel and chromium atoms
that correspond to the 316L SS. Clearly
seen is a low diffusion of the calcium
and phosphorus elements in the matrix
of the 316L SS. This could explain the
reduction in the compressive strength
of the composites by increasing the

Analysis region of
composition of the 5%
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KeV

amount of B-TCP. The elements iron,
chromium and nickel occupy the major
analyzed region.

Another phenomenon that might
have contributed to the reduction in the
compressive strength of the composites
is observed in Figure 7. By analyzing the
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chromium region, it is possible to verify
that this chemical element is located
cumulatively at the grain boundaries
of the sintered sample, which can be
explained as sensitization. The sensiti-
zation happens very often in austenitic
stainless steels as 304L and 316L due

4. Conclusions

The values obtained for the Young’s
modulus, porosity and density showed that
the 316L SS/ B-TCP composites produce
by powder metallurgy presented a high
Acknowledgments
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