Mechanical, electrochemical and magnetic
behaviour of duplex stainless steel for
biomedical applications
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Mechanical, electrochemical and magnetic properties of duplex stainless steel were analysed to
evaluate its use as biomaterial, comparing the results with those obtained for austenitic stainless
steel. Yield and ultimate tensile strengths are almost twice in duplex stainless steel, being the
values 870 MPa and 564 MPa, respectively. The electrochemical test revealed that this material
has lower susceptibility to localised corrosion because of its greater passive range, 1 V from the
open circuit potential, while the austenitic stainless steel exhibited a passive region of 0.370 V.
Both steels behave as soft magnetic materials, however, duplex stainless steel has higher
magnetic saturation and remanence, while austenitic stainless steel is more prone to heating

when exposed to a magnetic field.
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Introduction

Austenitic stainless steels ASTM F138/139 and ASTM
F745 are widely used for manufacturing load bearing
components as knee and hip joints prostheses, bone
plates and nails for shinbone. ASTM F138/139 are used
for device manufacturing by forging and machining
processes, while ASTM F745 (F745-SS) is used for cast
implants. These materials have an acceptable
biocompatibility, with adequate mechanical, physical
and electrochemical properties, in addition to the low
cost. However, the austenitic stainless steels have lower
corrosion resistance than other metallic materials used in
implants as Co-Cr—Mo and Ti alloys when exposed to
body fuilds.' Thus, the exposure for a long time to that
aggressive media, which contain mainly chloride ions,
may increase the susceptibility to suffer localised
corrosion. In view of considering new alternatives of
high performance stainless steels for use as biomaterial,
duplex stainless steels (D-SS) should be a possible
alternative because of their high stress corrosion
cracking, corrosion fatigue and pitting resistances in
chloride media,*”’ in addition to its high mechanical
strength, properties that are of great importance for
materials to be used for implants elaboration. The
eventual corrosion, in addition to causing the chemical
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and mechanical degradation of the implant, promotes
the release of metallic ions to the tissues, which, as the
case of Ni, can cause metal allergy, carcinogenicity,
cytotoxicity and genotoxicity, when releases are in
concentrations higher than those admissible.® '

Several articles deal with the use of D-SS in
orthopaedic and orthodontic applications, including
in vitro and in vivo studies,’> 2! but as was mentioned in
the specific bibliography, its use in the biomedical field
must still be accepted.*

With the aim of evaluating the potential use of cast D-SS
as a biomaterial, the present paper evaluates its mechanical
properties and its electrochemical performance in simu-
lated human body conditions and emphasises its magnetic
behaviour. The knowledge of magnetic properties of bio-
materials is also important because exposure to eventual
static and/or variable magnetic fields could cause heat or
movement that can be injurious for the human body. The
obtained results are compared with those of F745-SS.

Experimental

Both stainless steels were obtained by means of invest-
ment casting process (IC), which is one of the techniques
used to manufacture surgical implants,”® in order to
perform the analysis with similar microstructures of cast
prosthesis. Melting was carried out in a medium
frequency induction furnace. The casting temperature
was 1600°C, and following the usual practice of the IC
process, the shell mould was heated up to 800°C to
increase its permeability and reduce the thermal gradient
of cooling, in order to improve castability. The resulting
chemical compositions are recorded in Table 1.

The ‘as cast’ microstructures were characterised by
means of optical and SEM microscopy with energy
dispersive spectroscopy (EDS) analysis and X-ray
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Table 1 Chemical composition of analysed material

C Cr Ni Mo Si Mn N
F745-SS 0.04 18.09 1246 202 049 090 ..
D-SS 0.03 2522 707 410 1.00 0.78 0.30

diffraction technique. X-ray diffraction was performed
using a 3050 Philips goniometer and Cu K, radiation.
The divergent slit was 1°, and the scanning conditions
were steps of 0.02° with a counting time of 1 s/step,
20 being between 30 and 100°. Both materials were
submitted to solution annealing heat treatment to
dissolve phases precipitated during solidification. The
thermal cycling were as follows:** F745-SS was heated at
1080°C during 2 h and then water quenched, while D-SS
was heated at 1120°C for 1h, then cooled in furnace
down to 1045°C and maintained for 1h and
subsequently water quenched. Mechanical properties
were evaluated through tensile tests on samples of
6.25 mm of diameter according to Standard ASTM ES,
using an Instron machine of 15 ton capacity. Hardness
was determined following the Vickers method, with a
load of 30 kg. The susceptibility to localised corrosion
was evaluated through cyclic polarisation tests,
following Standard ASTM F2129. Tests were performed
using an EG&G potentiostat/galvanostat model 273A.
The corrosion cell was assembled with the test material
as the working electrode, a saturated calomel electrode
(SCE) as reference and a Pt electrode as auxiliary.
The tests were performed using aqueous solution
0.9 wt-%NacCl at 37°C and pH between 7.1 and 7.4. The
solution was deaired by bubbling N, during the tests.
The samples were kept in a stabilisation period of 1 h at
open circuit condition. After this, the potential scan was
performed at 0.167 mV s~ ! in the anodic direction, from
a potential value of 0.2V more cathodic than open
circuit condition up to the anodic limit determined by
the following reversal conditions: potential of 3 V(SCE)
or current density of 10™* A cm ™.

Magnetic hysteresis curves were obtained at room
temperature by a Lake Shore 7404 magnetometer, with
magnetic fields between —1 and 1 T.

Results and discussion

Microstructural analysis

The phases present in the stainless steels depend on the
balance among ferrite stabilising alloys as Cr, Mo and Si
and austenite stabilising alloys as C, Ni, Mn and N. In the
case of the F745-SS, the structure is fully austenitic, as a
consequence of the Nicontent between 12 and 14%. The ‘as
cast’ microstructure of this material, shown in Fig. 1a,
consists of austenite dendrites formed as a consequence of
the thermal and constitutional undercoolings produced
during solidification, which destabilise the solid/liquid
interface. Another typical feature in the solidification
processes is the microsegregation of the different alloying
elements, based on their respective partition coefficient k.
In stainless steels, Cr and Mo segregate directly towards
the liquid (k<1), increasing their concentration in the
interdendritic regions. In contrast, Ni segregates inversely
(k>1), increasing its concentration in the bulk of the
austenite dendrites. The microsegregation of those
elements was measured by EDS analysis, and the results are
recorded in Table 2.
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a in ‘as cast’ condition; b after solution annealing heat
treatment
1 Microstructure of F745-SS

The high concentration of Cr and Mo in the
interdendritic regions promotes the formation of
o-ferrite in these areas, as observed in the microstructure
of Fig. la. The d-ferrite should be dissolved by means of
the solution annealing heat treatment, since it may be
detrimental to the corrosion resistance. The obtained
structure is shown in Fig. 1b, which also reveals the
solidification cells of the material.

The microstructure of D-SS is composed by ferrite
and austenite in =50%. The dual phase corresponds to
the higher amounts of Cr, Mo and Si and the lower Ni
content with respect to the F745-SS, as reported in
Table 1. Figure 2a shows the ‘as cast’ microstructure,
where the formation of the sigma phase at the ferrite/
austenite interface is also revealed. Sigma phase usually
precipitates in the range between 830 and 470°C during

Table 2 Energy dispersive spectroscopy analysis in ‘as
cast’ samples (values in wt-%)

F745-SS D-SS

Interdendritic Austenitic Sigma

Element region dendrite Ferrite Austenite phase
Cr 22.5 16.7 26.0 25.2 27.5
Mo 4.0 1.2 7.0 5.1 5.6
Ni 9.7 1.4 4.6 6.7 41
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a in ‘as cast’ condition; b after solution annealing heat
treatment
2 Microstructure of D-SS

cooling after solidification in high Cr stainless steels,
and the driving force can be referred to the micro-
segregation of Cr at those interfaces. Table 2 illustrates
the balance of alloying elements in each phases, where a
higher concentration of Cr and Mo in the ferrite and
sigma phases while a higher level of Ni in the austenite
may be noticed because of the different segregation
mechanisms mentioned above.

In previous studies, it has been reported that the
sigma phase comes from the eutectoid reaction
ferrite—sigma + austenite, the tendency being higher in
D-SS.7:%¢

This phase has a harmful effect, since it promotes
embrittlement and reduces the corrosion resistance;>>*%’
for this reason, it should be dissolved by the solution
annealing heat treatment, as shown in Fig. 25.

X-ray diffraction was performed to characterise the
phases present in the ‘as cast’ microstructure of both
stainless steels. Figure 3a shows the diffractogram
corresponding to the D-SS, where (111), (200), (220) and
(222) austenite peaks were detected. In the case of the
ferrite phase, the peaks (110) and (211) were the most
intense, while the intensities of the peaks (200) and (220)
were the lowest. This feature could be related to some
texture in the microstructure promoted during
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solidification. No relevant peaks of the sigma phase were
detected. A slight evidence can only be observed at 20
close to 48°, corresponding to the peak (411) and at 55°
corresponding to the peak (322). The fact that sigma
peaks were not clearly observed could be ascribed to the
low amount of this phase in the microstructure. The
diffractogram belonging to the F745-SS (Fig. 3b)
showed only austenite peaks, denoting that, the same as
the sigma phase in D-SS, the amount of &-ferrite
in the interdendritic region is not enough to be detected
by this technique.

Mechanical properties

Surgical implants are subjected to dynamic loads
imposed by the body movements and its own weight.>’~
22 The load on an implant can reach peaks of about four
times the body weight at the hip and three times the
body weight at the knee during walking. Although the
static test does not reflect the actual working conditions
of the implants, it allows comparing the behaviour of
different biomaterials and estimating their performance
under the solicitation of dynamic loads.

Ultimate tensile strength (UTS) and yield strength
(YS) of both stainless steels, in solution annealed
condition, are illustrated in Fig. 4.

The UTS and YS values for the D-SS were 871 and
564 MPa respectively, and that of the F745-SS were 456
and 224 MPa respectively. The higher mechanical
strength of the D-SS is not directly related with balance of
the austenite and ferrite properties, since UTS and YS are
greater than those of both phases. The enhancement of the
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mechanical strength can be attributed to the smaller grain
size, which usually has D-SS, in addition to the solid
solution hardening promoted by the higher substitutional
Cr and Mo contents and the interstitial N.*°

Ultimate tensile strength and YS are directly related
to the fatigue strength;®*! thus, the higher values of these
parameters obtained for D-SS lead to infer that this
material has greater fatigue resistance than F745-SS and,
consequently, lower risk to suffer mechanical failure.

On the other hand, the elongations of both stainless
steels were 21% for D-SS and 32% for F745-SS. The
higher elongation in F745-SS is a consequence of the
fully austenitic structure, which confers higher ductility.
In the case of D-SS, the presence of ferrite in the
microstructure reduces its ductility although it increases
the mechanical strength.

In accordance with the mechanical strength, hardness
of D-SS is also higher than that of F745-SS because,
as mentioned above, the alloying elements promote the
solid solution hardening. The values reported by the
hardness test were 282.5 HV30 for the D-SS and
198.3 HV30 for the F745-SS.

Susceptibility to localised corrosion

The resistance to localised or pitting corrosion is one
of the most important properties to be satisfied by
biomaterials, since the presence of pits in the material can
nucleate fatigue cracks and stress corrosion cracks,!!*?
which might lead to the premature failure of the implant.
The susceptibility to localised corrosion was evaluated by
means of cyclic polarisation tests. This technique allows
evaluating the corrosion potential Ec,y, the breakdown
potential Ep; and the repassivation potential Ey. The
Eco. 1s the potential at the open circuit condition when
there is no net current flow, Ep;; is the polarisation level at
which the anodic current increases considerably with the
applied potential and Ej, is the potential at which the
hysteresis loop is completed upon reverse polarisation
scan. These parameters are related to the material’s
susceptibility to suffer localised corrosion and the
capacity to its development respectively. The greater the
difference (Epj—Ecor), the more passive the material
and, consequently, less prone to suffer localised
corrosion, while the lesser the difference (Ep;;— E}), the
higher the tendency to repassivate the material.

To evaluate the electrochemical performance of the
‘as cast’ and annealed microstructures of D-SS, cyclic
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polarisation curves in simulated fluid body were
performed. The obtained results are shown in Fig. 5,
where it is observed that the behaviour of the material
was similar for both conditions. Nevertheless, the anodic
polarisation scan of the ‘as cast’ sample showed current
fluctuation in the passive potential range. This instability
should be related with the sigma phase precipitated at
the ferrite/austenite interface. The adverse effect of this
phase on the corrosion properties was studied in high
temperature aged D-SS,”*-* in which it is being pos-
tulated that the origin of the pitting attack is because the
Cr and Mo depletion caused at the surrounding areas of
the sigma precipitated.

Taking into account the best performance of the
annealed D-SS, its behaviour was compared with
the corresponding F745-SS in equivalent conditions.
The resulting polarisation curves shown in Fig. 6 reveal
that the Ec,,, value for both materials was in the order of
—0.180%+0.005 V(SCE). The greatest behaviour
difference between both materials was noted along the
anodic sweep, in which D-SS maintained a passive
response along ~1V from the open circuit potential,
reaching the Ep; potential at 0.94 V(SCE), close to the
corresponding oxygen evolution reaction.!” As it is
almost impossible for the open circuit potential of an
implant in a biological environment to reach such
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condition, it is possible to infer that the tendency to
pitting initiation is very low, while F745-SS not only has
a short passive region (=0.370 V) but also has less
tendency to repassivate [Epy = 0.196 V(SCE) and
Ey, = —0.070 V(SCE)]. From these results, it can be
concluded that the performance of D-SS in biological
environments will be better than that of F745-SS.
Comparing the obtained results with that of other ma-
terials that have been used in the medical field in media
with similar chloride concentration, it was observed that
D-SS has a wider passive region than 316LVM and nickel
free high nitrogen austenitic stainless steels alloyed with
Mn, for which that region last for =0.700 and =0.850 V,
respectively.' 337 At the same time, the behaviour of
D-SS was quite similar with respect to the 316LN,
although with slightly lower repassivation capacity.'”

Pitting corrosion in stainless steels depends mainly on
the Cr—Mo-N content, their influence being empirically
quantified by the pitting resistance equivalent number
(PREN), defined as follows>®

PREN = Cr% + 3.3Mo% + 16N% 1)

Higher PREN wvalues are associated to the lower
tendency to suffer pitting corrosion.

In accordance with the Cr, Mo and N content of both
materials, reported in Table 1, the PREN for the D-SS
was considerably higher than that for the F745-SS, the
values being and 24.8 respectively.

Nilsson,® in his studies on D-SS and different auste-
nitic steel grades, determined the linear relation between
PREN and the critical pitting temperature, pointing out
that localised corrosion is mainly depending on the
chemical composition and not on the ferrite/austenite
ratio. Other authors,>3%40 using microelectrochemical
and cyclic thermometry methods, in higher concentrated
NacCl solutions and different test conditions than that
used in the present work, have analysed the pitting
corrosion in single ferrite and austenite phases in super
duplex stainless steels, emphasising that pitting occurs in
the phase with lower PREN, this parameter being
established by the elements partitioning. In order to
elucidate which of the phases is more prone to pitting
corrosion, in the case of the D-SS analysed in the present
work, the PREN was calculated for austenite and ferrite
from the concentrations obtained by EDS. Considering
the work of Palmer er al,*' it was assumed that N
partitioned fully to the austenite, for calculations.
The results are reported in Table 3.

Despite the similar values of Cr and the preceding
consideration about N, the PREN value of austenite
was slightly lower than that of ferrite. This evidence can
be attributed to the greater influence of Mo, which
partitioned more strongly than Cr to the ferrite. These
results allow predicting that, in this case, the austenite is
more prone to suffer pitting attack than ferrite.

Table 3 Pitting resistance equivalent nhumber of austenite
and ferrite in solution annealed D-SS (elements
concentration in wt-%)

Element Austenite Ferrite
Cr 25.2 26.6
Mo 4.5 6.7
N 0.3
PREN 44.9 48.6
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Magnetic properties

Another feature that should be considered in biomaterials
is the magnetism, since the exposure of the medical
devices to magnetic fields, as in the case of analysis by
magnetic resonance imaging (MRI), could generate
diverse problems. The field strengths of MRI scanners
are between 0.2 and 7.0 T, although most of them operate
at 1.5 T. The main inconveniences that can occur in this
environment are magnetically induced displacement
forces and torque, heating and image artefact.*>#*

Magnetic properties were analysed by means of hys-
teresis curves that show the evolution of the magnetisa-
tion per unit mass M as a function of the magnetic field
strength H.

The curves illustrated in Fig. 7, corresponding to both
stainless steels, presented a small hysteresis area with low
values of remanence and coercivity, behaviours that are
similar to the soft magnetic materials, that is, materials
that are easy to magnetise and demagnetise. The greatest
difference was observed in the magnetisation. The D-SS
has a significantly higher M because of the ferrite present
in the microstructure, which is a strongly ferromagnetic
phase. For a magnetic field of 1 T, M recorded values
close to the saturation, being 4.55 x 107> Tm> kg~ ! for
the ‘as cast’ sample and 5.44 x 107> Tm®kg~' for the
solution annealed one. The lower M in the ‘as cast’
sample can be related to the presence of the sigma phase
in the microstructure, which has a non-magnetic beha-
viour.”> The dissolution of this phase by the solution
annealing treatment would increase the proportion of
ferrite in microstructure, increasing M. In the case of the
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F745-SS, magnetisation was an order of magnitude
smaller, as a consequence of the fully austenitic structure.
At the same time, it was also noted that, in this stainless
steel, saturation was not reached for the imposed test
conditions. The values of M at 1 T were 1.94 x 10~® and
4.52x 1077 Tm?kg™! for the ‘as cast’ and the solution
annealed samples respectively. The higher M of the
‘as cast’ sample can be ascribed to the Jd-ferrite
precipitating in the interdendritic regions during
solidification, as shown in Fig. la.

As mentioned above, the force induced by a magnetic
field is a function of the magnitude of the magnetic field
gradient B and the magnetic moment or magnetisation
M, as follows™

F o< V(MB) 2)

The results of Fig. 7 indicate that M recorded values
an order of magnitude higher in D-SS. Therefore,
according to equation (2), the force induced in this
material is greater with respect to the F745-SS,
increasing the risk of displacement of the medical device
before the eventual exposure to magnetic fields.

Figure 8 shows the magnified image of the curves, in
order to perform a qualitative analysis of the remanence
and the coercivity of both stainless steels. Remanence B,
indicates the residual magnetisation of the material and
is defined by the point where the hysteresis loop
intersects the M axis. On the other hand, the coercive
force H. is the intensity of the applied magnetic field
required to reduce the magnetisation to zero, after the
magnetisation of the sample has been driven to
saturation. This parameter is related to the heating
promoted by the magnetic field. Although the values of
both parameters are small, B, for D-SS is considerably
higher than that for F745-SS, which implicates that this
material has a higher residual magnetisation. On the
other hand, H, is greater for F745-SS, indicating that
this material is more prone to heating when exposed to a
magnetic field.

Conclusions

From the mechanical and electrochemical points of

view, cast D-SS has a superior performance as
Ge-8 T T
I I
4e-8 4 || ||
He : Br :
‘o 2e-8 1 | / |
- i
o l__-’
E g L I I
——1
= = |
= 2081 || ||
I I
_de-8 - | |
4e-8 | |
| |
-6e-8 : L L
-0.010 -0.005 0.000 0.005 0.010
(H/T

—— ASTM F745 Sol. Annealed
— — D-55 Sel. Annealed

8 Remanence and coercivity of both stainless steels in
solution annealed conditions

Materials Science and Technology 2015 voL 0 NO O

biomaterial than F745-SS because of its higher UTS and
YS strength and, mainly, the lower susceptibility to
suffer localised corrosion in body simulated media.
Comparing the present results with those of other
stainless steels used in the medical field, it was also
observed that the electrochemical response of D-SS is
better than that of 316LVM and nickel free high
nitrogen austenitic stainless steels alloyed with Mn.

The magnetic analysis revealed that both stainless
steels have similar behaviour to that of the soft magnetic
materials because the area under their hysteresis loop is
very small. The most important differences are related to
magnetic saturation and remanence, which are higher in
D-SS, as a consequence of the ferrite present in the
microstructure. However, F745-SS has higher coercive
force, which implicates that this material is more prone
to heating when exposed to magnetic fields. This steel
also had a higher magnetic response in the ‘as cast’
condition, which implicates that it must be submitted to
a solution annealed heat tretment to dissolve the
d-ferrite precipitated during solidification.

These last observations lead to infer that further
experiments should be performed on both materials to
determine the effects of the eventual exposure to mag-
netic fields, in order to prevent possible injurious for the
human body.
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