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Corrosion Study of Magnetically Driven Components

in Spinal Implants by Immersion Testing in Simulated
Body Fluids
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Abstract—Magnetically controlled growing rods (MCGRs) have
been used to stabilise and correct spinal curvature in children to
support non-invasive scoliosis adjustment. Although the encapsulated
driving components are intended to be isolated from body fluid
contact, in vivo corrosion was observed on these components due to
sealing mechanism damage. Consequently, a corrosion circuit is
created with the body fluids, resulting in malfunction of the
lengthening mechanism. Particularly, the chloride ions in blood
plasma or cerebrospinal fluid (CSF) may corrode the MCGR alloys,
possibly resulting in metal ion release in long-term use. However,
there is no data available on the corrosion resistance of spinal implant
alloys in CSF. In this study, an in vitro immersion configuration was
designed to simulate in vivo corrosion of 440C SS-Ti6Al4V couples.
The 440C stainless steel (SS) was heat-treated to investigate the
effect of tempering temperature on intergranular corrosion (IGC),
while crevice and galvanic corrosion were studied by limiting the
clearance of dissimilar couples. Tests were carried out in a neutral
artificial cerebrospinal fluid (ACSF) and phosphate-buffered saline
(PBS) under aeration and deaeration for 2 months. The composition
of the passive films and metal ion release were analysed. The effect
of galvanic coupling, pH, dissolved oxygen and anion species on
corrosion rates and corrosion mechanisms are discussed based on
quantitative and qualitative measurements. The results suggest that
ACSF is more aggressive than PBS due to the combination of
aggressive chlorides and sulphate anions, while phosphate in PBS
acts as an inhibitor to delay corrosion. The presence of Vivianite on
the SS surface in PBS lowered the corrosion rate (CR) more than 5
times for aeration and nearly 2 times for deaeration, compared with
ACSF. The CR of 440C is dependent on passive film properties
varied by tempering temperature and anion species. Although the CR
of Ti6Al4V is insignificant, it tends to release more Ti ions in
deaerated ACSF than under aeration, about 6 pg/L. It seems the
crevice-like design has more effect on macroscopic corrosion than
combining the dissimilar couple, whereas IGC is dominantly
observed on sensitized microstructure.

Keywords—Cerebrospinal fluid, crevice corrosion, intergranular
corrosion, magnetically controlled growing rods.

I.  INTRODUCTION

HE application of bio-implant alloys, for instance, 316L
SS, titanium alloy (Ti), cobalt chrome alloy (CoCr) and
nitinol (Ti-Ni) are all promising choices for orthopaedic
implants [1]. For serving reconstructive and arthroplasty
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surgeries, the combination of dissimilar alloys such as SS-Ti,
Ti-CoCr or SS-CoCr have been applied to achieve the unique
functionality. Recently, to support non-invasive treatment,
encapsulated magnetic implants have been developed [2]-[4].
The non-implant grade alloys and titanium coated magnet
have been designed and used as the internal parts with the
purpose of dry and non-invasive use. For example, MCGRs
have been widely used for early-onset scoliosis treatment as
illustrated in Fig. 1 (a). Every typical 3-6 months, the MCGR
is non-invasively extended by using an external magnetic
controller to spin the internal magnet of the MCGR as
presented in Fig. 1 (b).
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Fig. 1 (a) A schematic of the spinal curvature disorder (scoliosis)
implanted with MCGRs, and (b) MCGR types with external magnetic
controllers.
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The MCGR is extended by the screw driving components
including a Ti coated magnet, a 440C SS drive pin and ball
bearing, and a Ti6Al4V leadscrew and rod as presented in Fig.
2 (a). These dissimilar components are encapsulated by a
Ti6Al4V casing and an O-ring seal. When the internal magnet
is remotely spun, the drive pin will turn the leadscrew and
then the rod is lengthened (distraction) as in Fig. 2 (b).
Eventually, the spine curvature is gradually corrected.

Recently, some studies have reported the premature failure
of MCGRs related to the combination of wear and corrosion in
the casing [5], [6] and the presence of metallosis [7]. We
believe that there is a possibility of sealing mechanism leaks
which allows body fluids to contact with the screw driving
components inside the casing. As body fluid contains
electrolytes for maintaining metabolism system such as
dissolved salts of bicarbonates (HCOj;'), chlorides (Cl") and
sulphates (SO,*) ions, implant alloys undergo corrosion
during long-term exposure [8]. The mode of corrosion and its
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severity depends on pH, the concentration of anion species
and dissolved oxygen (DO) level of the implant environment.
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Fig. 2 (a) A schematic of MCGR components, and (b) the
encapsulated driving components

Data from the British Association of Spine Surgeons across
14 institutions indicated the common complications of dural
tears during spinal operation up to 25% [9]. Some patients
underwent the delayed symptoms of CSF leakage and
postoperative infection after spinal implantation [10]-[18]. It
has been reported that pH of body fluid could be changed from
the normal value at 7.4 to localized pH at 5.5 (acid) or 9
(alkaline) in the presence of infections at the surgical site [19].
The variations of local pH could result in severe localized
corrosion of alloy implants [8]. Comparing to blood plasma,
CSF contains 20% higher CI ions and little protein, less than
0.5 mmol/L [20]. In terms of DO level, it is varied by the
partial pressure of oxygen (Pp,) in body fluids. The Pg, in
arterial and venous blood varies between 100 and 40 mmHg,
respectively, whereas that of CSF is about 25-53 mmHg. The
DO in arterial blood without hemoglobin combination is about
4.5 ppm, whereas that of venous blood is about 1.8 ppm. In
CSF, DO varies between 1.1-2.4 ppm. Since Pg, in vivo
varies, there is a possibility of implant surface producing
differential aeration cells [8].

A 440C martensitic SS contains 17 wt.%Cr and 1 wt.%C, it
is widely used for making surgical cutting tools (non-implant
grade) as it can be hardened by heat treatment (HT) [1].
Comparing with the implant grade alloys like 316L SS having
similar Cr contents, a tempered 440C SS has superior wear
resistance and magnetic properties, but corrosion resistance is
lower. Also, it tends to be sensitized due to chromium
depletion at the vicinity of grain boundaries (GBs) if it is heat-
treated at the critical temperature range of 450 — 600 °C, and
consequently is much more susceptible to IGC and cracking in
chloride environment [21], [22]. Bonagani et al. indicate that
the maximum degree of sensitization was observed at 550 °C
tempering, while uniform corrosion was revealed at tempering
temperature below 400 °C [23]. The authors also reported
deficiency of pitting corrosion resistance was observed at the
critical temperature range [24]. Additionally, the combination
of dissimilar coupling design on galvanic corrosion in vivo is
still unclear [25]. Especially, the application of 440C SS-
Ti6Al4V coupling in vivo is nascent, and corrosion data in the
different physiological environment are unavailable.

In our work, the construct of screw driving components in
an MCGR casing [Fig. 2 (b)] has been simulated by using a
440C SS-Ti6Al4V coupling of similar design but larger scale
[Fig. 3 (a)]. The in vitro immersion test was designed to
evaluate and compare corrosion resistance of both
unsensitized and sensitized 440C SS, as well as obtain insight
of in vivo corrosion mechanism of those dissimilar couples.
Tests were conducted in 37 °C ACSF and PBS under aeration
(5 ppm) and deaeration (1 ppm) for 2 months. CRs based on
mass loss were determined for evaluation. The passive films
and metal ion release were characterized. The factors affecting
CRs were then discussed based on the quantitative and
qualitative measurements.

II. MATERIALS AND METHODS

A. Alloys

A medical-grade 440C martensitic stainless steel (MSS) and
Ti6Al4V Eli grade 23 round bars according to ASTM F899-
12b [26] and ASTM F136-08 [27] standards were selected to
mimic the dissimilar couplings of MCGR screw driving
components as presented in Fig. 2 (b). The 440C rod
represented the drive pin and the Ti6Al4V collars act for the
coupling parts, with the dimension scaling up to 12.5 times of
the original. The clearance fits between 440C SS rods and
Ti6Al4V collars were mimicking that of the retrieved drive
pins and the screw driving components, about 100 um. The
dimension of the 440C rod and Ti6Al4V collars is indicated in
Fig. 3 (a). The 440C rods were hardened by heating up to
1050 °C for 30 min in an argon shielding furnace, following
by water quenching. Then, the rods were tempered at 200 and
550 °C for 2 hours, designated as T200 and T550. The T200
samples attributed unsensitized microstructure, while T550
had sensitized microstructure. After HT, all samples were
polished with successively finer silicon carbide (SiC) papers
to 1000 grit finish, with the average roughness (Ra) less than
0.2 pm.

The 440C samples coupled with Ti6Al4V collars were set
up in a vacuum container as illustrated in Fig. 3 (b). The gaps
between Ti6Al4V collars were separated by using a 1 mm
acrylic sheet. Before testing, all samples were cleaned with
ethanol and an ultrasonic cleaner.
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Fig. 3 Schematics of the test configuration. (a) the dimension of 440C
rod and Ti6Al14V collars, and (b) a corrosion cell set-up

B. Physiological Solutions
Biocyte® modified ACSF and Melford® PBS were selected
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for the in vitro study. Both solutions were un-diluted. The
chemical compositions and pH of ACSF and PBS used for this
study are given in Table I.

TABLEI
COMPOSITIONS OF ACSF AND PBS IN mMOL/L (mM)
Compositions ACSF PBS
NaCl 151 mM 137 mM
KCl1 3 mM 2.7 mM
CaCl,2H,0 2.5 mM -
Na,HPO, - 10 mM
KH,PO4 - 1.9 mM
MgSO,-7H,O 1.3 mM -
CsH,06H,O 13 mM
HEPES (CsH sN,O,4S) 5 mM -
pH 73-74 72-17.6

The ACSF contained corrosive chloride (CI') and sulphate
(SO,™) ions, with 5.63 and 0.75 g/L respectively, whereas the
PBS included CI" ion of 4.95 g/L and phosphate (PO,”)
inhibitor of 1.13 g/L.

C. Invitro Immersion Test

The immersion test was conducted according to ASTM
G31-72(2004): Standard Practice for Laboratory Immersion
Corrosion Testing of Metals [28]. There were three different
parameters studied including anion species, DO, and
unsensitized (T200) and sensitized (T550) microstructures.

The corrosion cells included T200 and T550 rods coupled
with Ti6Al4V collars which were immersed in ACSF and PBS
under natural aeration (5 ppm) and deaeration (1 ppm) for 2
months. Deionized (DI) water was used for comparison.
Under the deaerated condition, the solutions were purged with
nitrogen gas for 5 minutes in a vacuum container. The
concentration of DO was measured at laboratory room
temperature by using a WTW Multi 350i DO meter.

The volume of the corrosion cell as shown in Fig. 3 (b) was
500 ml. The ratio of solution volume to sample surface area
(V/S) was in the range of 6-12 mL/cm?. All corrosion cells
were maintained at 37 + 0.2 °C in a VWR IL53 incubator.

The pH and conductivity were measured by using a
HANNA pH tester model HI98103 and a radiometer analytical
model pIONneer 30, respectively. Two testing conditions
including aerated ACSF and PBS were reproducible for
checking pH variations.

CR was determined based on (1) according to the ASTM
G31. Mass loss was measured by using a KERN analytical
balance model ABT220-5DM with an accuracy of 0.5 mg.

_ KAm

CR = ot (1)

where K= conversion factor = 87,600 mm/year, Am is the
change of mass (mg), A is the original surface area exposed to
the corrosive media (cm?), p is the density of sample (g/cm?)
and t is the exposure time (h).

D. Surface Morphology Analysis
After the immersion test, the physical change in

macroscopic surface morphology of 440C rods was
photographed. The microscopic morphology was investigated
by using a Hitachi scanning electron microscope (SEM) model
TM3030. There were two investigated areas on 440C SS rods
including the coupling areas defined as the confined areas, and
both gaps between the collars indicated as the exposed areas.

E. Corrosion Products and Passive Film Characterization

An Energy Dispersive X-Ray (EDX), JEOL JSM-5600LV
model, was used to characterize the elemental composition of
passive films on 440C rods. Corrosion products were collected
from the corrosion cells and dehydrated at 50 °C for 1 hour.
An X-Ray Powder Diffraction (XRPD) was used to identify
the crystalline phase of powdered corrosion products.

F. Metal lon Release Measurement

After 2-month immersion tests, the solutions were filtered
with Whatman® 0.4 pm glass microfiber filters and acidified
with 1% nitric acid by volume to maintain the interested
analytes in solution. An Inductively Coupled Plasma-Optical
Emission Spectrometry, ICP-OES Optima 8000 model, was
used to measure the concentration of dissolved iron (Fe),
titanium (Ti) and chromium (Cr) ions in ACSF and PBS.
Before the analysis, the standard iron, chromium and titanium
solutions were used for calibration.

III. RESULTS

A. Invitro Immersion Test

The first-week immersion, ACSF and DI water changed
from clear solutions into brown and turbid. The physical
change in PBS began 4 weeks after, turning into pale and
turbid. All solutions became darker by the immersion time as
the representative images shown in Fig. 4. Some salt
sediments were observed in ACSF and PBS as presented in
Figs. 4 (a)-(d).

Fig. 4 Physical appearance, after 2-month immersion, of (a) aerated
ACSF, (b) deaerated ACSF, (c) aerated PBS, (d) deaerated PBS and
(e) aerated deionized water.

Fig. 5 exhibits different trends in pH of all solutions. The
pH values of aerated and deaerated ACSF became acidic (5.5-
5.6) after 2-month immersion, whereas that of both PBS was
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likely to increase (9.7-11.2). The tendency of pH for both
solutions reached a plateau after 2 months. The pH values of
aerated DI water decreased and fluctuated in the range of 5-6.
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Fig. 5 pH variations by the immersion time

The post-test conductivity after 2-month immersion was
significantly increased by 28-30% for ACSF and PBS, as
presented in Table II. Regarding the inherent low conductivity
of DI water, there was much change from 2.85 to 25.5 ps/cm.

TABLE I
ELECTRICAL CONDUCTIVITY CHANGE IN ms/cm
Solutions ACSF PBS DIW
Before immersion 15.0 16.7 2.85 us/cm
After 2-month immersion 19.2 21.7 25.5 us/cm

Fig. 6 (a) exhibits the influence of anion species in all
solutions on CRs of T200 and T550 rods. The ACSF
containing both corrosive CI' and SO,* ions were more
aggressive than others, with CR of 272-478 um/yr for T200
and 99-320 um/yr for T550. The tendency of CR in PBS was
significantly lower than ACSF, with 92-165 pm/yr for T200
and 183-214 pm/yr for T550 as there was PO,’ inhibitor with
the ratio of CI/PO,* = 4.4:1. Additionally, the concentration
of CI" ions was about 14% lower than ACSF. Despite very low
ion concentration, the CR in DI water was in the range of 18-
34 pm/yr. In terms of sensitization effect, the comparing CR
in ACSF indicated that less corrosion was observed on T500
than T200, about 1.5 times in aeration and 3 times in
deaeration. Conversely, T200 had better corrosion resistance
than T550 in PBS and DI water, about 2 times lower CR.
Considering the effect of DO level in Fig. 6 (b), the CR of
both T200 and T550 in aerated ACSF was higher than
deaeration, whereas the CR in deaerated PBS became lower
than aeration.

B. Surface Morphology

Fig. 7 illustrates the macroscopic surface morphology of
T200 and T550 SS rods in ACSF and PBS under aerated and
deaerated conditions. Intensive green rust (GR) film was
observed in aerated and deaerated PBS and ACSF,
preferentially covering at the confined areas of T200 rods as
presented in Figs. 7 (a)-(d), whereas partial discoloration

(matte appearance) with scattering black rust was observed on
T550 rods as in Fig. 7 (e)-(h). Some pits were also observed in
the exposed areas of T550 rods between both gaps of collars
and propagated to the confined areas. The shiny areas
represented the finishing surface or uncorroded areas.
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Fig. 6 (a) Influence of anion species and (b) DO level on CRs of
T200 and T550 rods.

Fig. 7 Macroscopic surface morphology of (a), (b) T200-aerated and
deaerated ACSF, (c), (d) T200-aerated and deaerated PBS, (e), (f)
T550-aerated and deaerated ACSF, and (g), (h) T550-aerated and

deaerated PBS

The microscopic morphology images are given in Fig. 8.
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On the GR film of T200 surface, a mud-cracking pattern
which resulted from the dehydration process of passive film
was mainly observed as presented in Figs. 8 (a), (c), (d). Fig. 8
(b) shows the typical feature of general corrosion after GR
film removal. The feature of pit formation on T200 surface did
not relate to GB attack as in Fig. 8 (c). On the other hand,
T550 surface revealed intergranular (IG) cracking and grain
decohesion associated with IGC as shown in Fig. 8 (e)-(h).
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Fig. 8 Microscopic surface morphology of (a), (b) T200-ACSF, (c),
(d) T200- deaerated PBS, (e), (f) T550- deaerated ACSF, and (g), (h)
T550- deaerated PBS.

C. Corrosion Products and Passive Films

The EDX results indicated that corrosion products collected
from PBS mainly consisted of iron (Fe), oxygen (O) and
phosphorus (P), whereas that of ACSF composed of iron (Fe)
and oxygen (O). The XRPD results could identify that
corrosion product in PBS comprised of vivianite (Fe;(POy), -
8H,0)) mixed with some sodium chloride (NaCl) and Fe,
whereas the presence of graphite (C) and goethite (FeO(OH))
were detected in ACSF corrosion product.

Table III presents the atomic ratios of passive films formed

on both T200 and T550 rods immersed in PBS and ACSF for
2 months. Based on the composition of 440C SS, the ratio of
Fe/Cr is in the range of 4.4-5.5. This ratio is postulated as a
representative of fresh surface for comparison. The Cr/O ratio
was considered as the original protective film of SS, possibly
in the form of chromium oxide (Cr,0s) [22]. The Fe/O ratio
was a representative ratio of iron oxide passive film in
multiple forms when SS interacts with solutions [29]-[31]. The
initial form of goethite (FeO(OH)) passive film was detected
by XRPD. This film is known as a GR film when it reacts with
DO in solution [32], [33]. The Fe/P ratio could indicate a GR
phosphate film (GR(PO,>)) or Vivianite when SS exposed in
buffered-phosphate solutions [29]-[32], whereas the Fe/Cl and
Fe/S would identify as a GR chloride (GR(CI)) and GR
sulphate (GR(SO,%) film [34].

After immersion test, of both rods, the passive film in the
shiny areas mainly consisted of iron (Fe), chromium (Cr) and
oxygen (O), with the ratios of Fe/Cr = 3.7-6.1, Fe/O = 2.9-
10.0 and Cr/O = 0-2. Comparing with the ratio of the original
surface, the shiny areas were considered as the remaining of
finishing surface or uncorroded areas. Considering the
sensitization effect, the Fe/O and Cr/O ratios on unsensitized
T200 rods tended to be higher than the sensitized T550. This
could be the result of chromium depletion at the vicinity of
GBs causing sensitization of T550 rods in chloride solutions
[35].

Comparing with PBS, the Fe/O and Cr/O ratios were likely
lower in ACSF as it is more aggressive than PBS. Due to the
interaction of anion species and iron oxide films, the presence
of P was observed on GR film of T200 in PBS, with the Fe/P
ratio of 4.5-16.2, whereas there was no Vivianite formed on
T550. In ACSF, the Fe/S ratio of 2.8-11.6 was detected on
T200 and 6.9-10.5 for T550. The ratio of Fe/CI on both T200
and T550 in ACSF and PBS was in the range of 7.7- 27.4. It is
noted that a ratio of Fe/P, Fe/Cl and Fe/S > 100 is an error
from a trace detection.

D. Metal lon Release

Fig. 9 exhibits the concentrations of dissolved Fe, Cr and Ti
ions in aerated and deaerated ACSF after 2-month immersion.
The concentration of Fe ions in aerated ACSF was 26% higher
than deaeration. In both conditions, the Cr ions were released
about 90 pg/L. Even though there was no change in mass loss
of Ti6Al4V collars, a trace of Ti ions was detected in
deaerated ACSF up to to 6 pg/L. It was noted that, in PBS, the
ICP-OES was limited to detect the dissolved Fe, Cr and Ti
ions.

IV. DISCUSSION

This study has presented an in vitro immersion test design
that simulates the construct of the screw driving components
in an MCGR operating in the spine. Dissimilar 440C SS-
Ti6Al4V couples were used to study the galvanic effect. Also,
the in vivo environment was modelled by performing the tests
in 37 °C ACSF and PBS controlling DO level at 1 and 5 ppm
for 2 months. The 440C SS was heat-treated at 200 and 500 °C
to produce unsensitized T200 and sensitized T550
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microstructures to evaluate probable corrosion resistance in
vivo. Also, environmental factors affecting CRs and its
mechanisms were determined. This study indicates that there

are five factors affecting CRs and mechanisms including pH,
DO, anion species, microstructures and dissimilar coupling
design.

TABLE III
ATOMIC RATIOS OF PASSIVE FILMS ON T200 AND T550 RODS IN PBS AND ACSF
Rods Analvsed arcas Solutions Ratio of Ratio of Ratio of Ratio of Ratio of Ratio of
Y Fe/Cr Fe/O Cr/o Fe/P Fe/Cl Fe/S
Finishing surface PBS 3.8-6.1 3.9-48 0.8-1.0 - - -
200 (shiny) ACSF 3.8-4.3 0.9-7.2 0.2-1.9 - 142 108
GR fil PBS 1.0-1.5 0.20 0.10 4.5-16.2 12.4-27.4 -
nm
ACSF 0.6-1.1 0.1-0.2 0.1-0.2 - 7.7-19.0 2.8-11.6
Finishing surface PBS 5.0-5.5 2.9-10.0 0.5-2.0 105 - -
(shiny) ACSF 3.7 1.5 0.4 - 168 -
T550
. . PBS 4.9 4.0 0.81 155 164 -
Discoloration (matte)
ACSF 0.6-0.8 0.10 0.20 - 19.4-19.8 6.9-10.5
300 deaeration than aeration, with 1.8 times for T200 and 1.2 times
450 SACSF Aeration for T550. These results imply that the presence of higher

@ ACSF Deaeration

Metal 1on release, pg/L (ppb)
— l,;‘J 2

Tons

Fig. 9 Concentration of metal ion release in aerated and deaerated
ACSF after 2-month immersion

First, pH plays an important role to control chemical
reactions in corrosion cells and stability of the passive films
[30], [31]. The results of this study show that the pH values of
PBS changed from neutral into alkaline (10-11). Conversely,
the neutral ACSF had turned into acidic (5.5). Consequently,
CR of 440C rods in ACSF is higher than PBS, up to 5 times.
Comparing to DI water, it had become little acidic (~6) and
the CR of 440C rods is about 5 times lower than that of PBS.
However, pH change had not affected the mass loss of
Ti6Al4V collars. Similarly, Kovacevic et al. studied the
influence of pH on corrosion behavior of 316L and Ti6Al4V
implants in Hanks solution. The authors found that the
solution became acidic and caused more significant corrosion
on SS, comparing with Ti6Al4V [36].

Second, DO affects the stability of the passive films of
implant alloys [8]. Raja and Jones [37] found that DO is
necessary for re-passivation of 316L in sulfuric acid.
However, the increase of DO could cause a decrease in
passivation properties of martensitic and austenitic SS [38]-
[40]. This is unlike Ti alloys which attribute the stability of
passive film in oxidizing media under aeration and deaeration
[8]. Considering the present findings, the CR of 440C rods in
aerated ACSF is relatively higher than deaerated condition,
with 1.8 times for T200 and 3.2 times for T550. Conversely, in
PBS, a significant CR increase has been observed under

oxygen in ACSF in acidic condition may accelerate the
dissolution of GR(SO4*) [41]. On the contrary, less oxygen
(deaeration) in PBS promotes CR due to instability of
GR(PO,*) passive film [42]. Due to the different anion species
between ACSF and PBS, the distinct CR and corrosion
behavior of 440C rods depend on passive film properties.

Third, anion species in bulk electrolytes affect the
properties of passive films. When iron-based alloys react with
aqueous solutions, magnetite (Fe;O4) is formed [31]. The
Fe;0, is proportional to hydroxide (OH’) ions at the alkaline
condition. The GR(FeO(OH)) film is then produced on SS by
the oxidation of magnetite. A decrease of Fe;O, film results in
acidic condition. Kiyama and Takada [34] indicate that
goethite (0-FeO(OH)) was the first form of the GR passive
film, followed by akaganeite (B-FeO(OH)) and lepidocrocite
(y-FeO(OH)). This film, then, reacted with anion species in
solutions and formed different passive films which attributed
the distinct corrosion properties. It has been observed that the
GR films formed on the iron-based steels in solutions
containing chloride, sulphate, carbonate and phosphate anions,
designated as GR(CI"), GR(SO4*), GR(CO,”) and GR(PO,*)
respectively [32], [41], [43]. Each GR type had the unique
properties which could impede or accelerate CR. Hansen and
Poulsen [44] found that GR(POs") or vivianite
(Fes(P0,),-8H,0) film which formed in phosphate-containing
solutions behaved as a protective film and delayed corrosion.
The stability of vivianite increases in phosphate-rich solutions
and intensity of GR(FeO(OH)) film relating to high pH
(alkaline) and low oxygen (deaeration) [42]. In contradiction
to sulphate containing solutions, GR(SO4*) film is precipitated
at low pH (acidic condition). This biofilm is active and tends
to form microbiologically influenced corrosion if infection
proceeds [45]-[47].

In this study, ACSF comprises aggressive chloride and
sulphate ions with the CI/SO,* ratio of 7.5, whereas PBS
contains aggressive chloride and phosphate inhibitor with the
CI/PO,* ratio of 4.4. The EDX results of corrosion products
and passive films show the presence of phosphorus (P) in PBS
and sulphur (S) in ACSF. The XRPD results indicate that
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vivianite was formed in PBS, whereas graphite and trace of
goethite (FeO(OH)) were detected in ACSF. The tendency of
CR of T200 and T550 in ACSF is higher than that of PBS, 1.6
— 5.2 times. This could confirm that GR(PO,*) film formed in
alkaline PBS has more corrosion resistance than the GR(SO4)
film precipitated in acidic ACSF. However, this tendency has
been reversed for the CR of T550 rods in deaerated condition.
This is because the formation of GR(FeO(OH)) film is
proportional to the DO level as oxygen is used for oxidation of
Fe;04 [32], resulting in the limitation of vivianite formation.
Comparing with DI water, it is supposed that Fe;O, passive
film formed on 440C rods at pH of 6 and the CR is 5 times
lower than PBS. The corrosion resistance of passive films
could rank as GR(PO4") > Fe;0, > GR(SO,%).

Fourth, the HT process controls microstructure, mechanical
and corrosion properties of heat-treatable alloys. Regarding
martensitic SS, chromium is depleted at the GBs if it is
tempered at the temperature of 450-600 °C, resulting in the
deficiency of pitting corrosion resistance and susceptibility of
intergranular (IG) corrosion [23], [24]. Unlike the unsensitized
microstructure, it tends to undergo uniform corrosion in the
corrosive environment [23]. The present results show that the
CR of sensitized T550 rods is relatively higher than the
unsensitized T200 in both PBS and DI water. Conversely, in
ACSF, it is evident that T550 accounted for more corrosion
resistance than T200 rods due to different passivation
properties. However, in terms of surface morphology
characteristic, IG corrosion poses a high risk of cracking
rather than uniform corrosion. If it is combined with
mechanical loading, stress corrosion cracking or corrosion
fatigue may cause a sudden fracture. As seen from SEM
results (Figs. 8 (e)-(h)), T550 underwent carbide decohesion
combined with IG cracking. Additionally, the IG crack tends
to behave like a stress concentration site, leading to reduction
in strength and toughness properties.

Fifth, the dissimilar coupling design affects corrosion mode
of 440C rods. According to galvanic series, a Ti acts as a
cathode with potential (+0.04 to -0.12 V), whereas a
martensitic SS plays as an anode (-0.45 to -0.53 V) [22]. In
electrolytes, the anode sacrifices itself as the protection of
cathode; as a result, corrosion at the cathode is suppressed. As
the cathodic surface area controls CR of the anodic area,
corrosion becomes severe if localized pits are formed as the
anode area decreases. Regarding the dissimilar 440C SS —
Ti6Al4V couples with the cathode/anode ratio of 3.4, the
440C SS rod acting as an anode was corroded up to 480
um/yr, whereas mass loss of Ti6Al4V collars rarely changed
for 2-month immersion. The results of macroscopic surface
morphology in Fig. 7 show that the GR film and discoloration
were favorably formed on the 440C rod surface at the
connection areas with the Ti6Al4V collars. Based on the
surface morphology of 440C rods after 1 and 2 months
immersion, the evolution of corrosion characteristics is
simplified and presented in Fig. 10.

Fig. 10 (a) presents the formation of passive films which
formed intensely on the 440C rods at the junction of Ti6Al4V
collars (confined areas). This feature could confirm that the

initial stage of corrosion process was dominated by the
galvanic effect in electrolytes. After 1-month immersion, some
pits were selectively developed on the 440C rods between
both gaps of Ti6Al4V collars and propagated to the inner side
of the confined areas as shown in Fig. 10 (b). This
characteristic could indicate a typical feature of crevice
corrosion. Due to the variation of cathode/anode ratio, the
smaller areas of pits became the anodic areas, whereas the
cathodic areas increased by the combination of passive film
areas of 440C rod and Ti6Al4V areas. Consequently,
corrosion characteristic became more severe by the presence
of pits and the increasing CR after 2-month immersion. The
dissolution of passive films was also observed in the confined
areas as the variation of DO level could affect the stability of
passive films. This may affect the tendency of CR as the
severity of corrosion depends on the re-passivation and
passive film properties of 440C rods.

(a) Noble Less noble
Electrolyte  (Cathode) (Anode)
l 5
Ti6AI4V collar

More active

(b) Noble
(Anode)

— Electrolyte  (Cathode)

Less active

|

S

Ti6Al4V collar

Fig. 10 Schematics of corrosion evolution changing by the surface
areas of cathode and anode. (a) stable passive film and (b) pit
formation and passive film dissolution

Fig. 11 illustrates the simplified diagrams of pit formation
and dissolution of passive films on T200 and T550 rods
varying by oxygen concentration cells, based on the
macroscopic surface morphology in Fig. 7. On T200 rods in
Fig. 11 (a), the macroscopic morphology showed the different
shades of GR films in the confined areas induced by
differential oxygen concentration. Due to the increase of DO,
the dissolution process of passive films would be accelerated
[40]. The distinct shade of GR film could indicate the
decomposition of passive films which could be confirmed by
the microscopic morphology in Figs. 8 (a)-(d) appearing as the
mud-cracking pattern and passive film removal. On the other
hand, the microscopic characteristic of T550 rods indicated IG
corrosion and cracking. These features became severe in the
confined areas due to differential oxygen concentration cells
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causing crevice corrosion in macroscale, as illustrated in Fig.

11 (b).

(a) 02 Tt o
Gap areas contacted solution directly 02

027

o o3 [
T

Confined areas in end collars

Note: Red arrows are indicated the direction of propagation, red dots are
indicated pits and green shaded colour is indicated as the GR layer
formation.

(b) 02 T 02111

Gap areas contacted solution directly

Confined areas in end collars

Note: White arrows are indicated the direction of propagation, red circles are
indicated pits, blue colour is indicated as the shiny surface and white
cloud is indicated as matt areas (discoloration).

Fig. 11 Schematics of corrosion evolution showing the differential
oxygen concentration cells. (a) T200 and (b) T550

In terms of metal ion release, it has been advised that,
according to the Medicines and Healthcare Products
Regulatory Agency (MHRA), the concentration of whole
blood Co and Cr should not exceed than 7 pg/L [48]. If the
blood test results are over than the criterion, MRI or
ultrasound scans should be assessed to indicate the potential
for adverse symptoms of soft tissues. Although there was no
corrosion sign on the implants, high levels of nickel (Ni) and
chromium (Cr) were detected in both serum and urine after
10-year SS implantation [49]. In the presence of macroscopic
corrosion, much higher Cr ions released after 316L SS spinal
implantation than the criterion was observed 33 and 97 pug/L in
serum and urine, compared to the normal limit of 0.16 and
0.22 ng/L respectively. Moreover, the significant levels of Co,
Cr and Ni with the adverse symptoms were also detected at the
local tissue of failed hip prosthesis, with 187, 752.6 and 3.99
ng/g, respectively [50]. However, these data are unable to
identify the generating sources that possibly resulted from
wear debris or corrosion or synergy reactions. Regarding Ti
release, Levine et al. also observed that Ti serum hit to 2.9
pg/L after 36-month hip replacement, before gradually
dropping to 1.7 pg/L in 108 months [51]. The adverse
symptom at the distal tissues such as yellow nail syndrome
was also observed after Ti dental implantation [52]. Despite
evidently over 95% of Ti serum detection, there is no
recommended limit for Ti serum [53]. As there is no sign of
implant site infection by Ti, the biological and clinical
responses of elevated Ti serum remain unclear. Wisbey et al.
[54] stated that Ti ions released from Ti6Al4V implants in
0.17 M NaCl plus 0.0027 M EDTA at 37 °C were less than
2.5x107 pg/em*hr or 0.25 um/yr. In the present work, after 2-
month immersion in ACSF, Fe and Cr ions released from
440C SS about 360 and 90 pg/L which is higher than the
MHRA criterion. Even though there is no mass loss observed
in Ti6Al4V, 6 pg/L of Ti ions dissolved were detected in

deaerated ACSF. In terms of CR by surface area, it was about
4.1x10”° pg/cm?/hr.

Overall, the use of dissimilar 440C SS-Ti6Al4V couplings
in the encapsulated MCGRs is intended for dry use. When the
sealing mechanism allows body fluid ingress, corrosion
proceeds in the casing. The corrosion resistance of
unsensitized 440C SS is better than the sensitized one in PBS
and DI water, whereas the sensitized 440C has better
resistance in ACSF. As the synergy of corrosive chloride and
sulphate ions in ACSF are more aggressive, the balance of
corrosive chlorides and phosphate inhibitor in PBS with the
ratio of 1:4.4 could minimize CR of 440C SS about 5 times for
unsensitized 440C and 2 times for the sensitized. These
findings may support the application of phosphate coated
surface treatment for metallic implants [55]-[57]. Even though
the sensitized 440C SS has better corrosion resistance in the
aggressive environment than the unsensitized in terms of mass
loss, it poses a high risk of IG cracking when corrosion is
combined with stresses.

V. CONCLUSION

The screw driving components in an MCGR system
operating in Vvivo in the spine were modelled in vitro using
440C SS rods and Ti6Al4V collars immersed in 37 °C PBS
and ACSF under aeration and deaeration. Three main factors
influenced CR and corrosion mechanism of 440C SS are
concluded as follows:

1) Environmental factors:

e pH variation: The formation of the passive film in the
alkaline condition is more stable than the acidic medium.
The CR of 440C SS in alkaline PBS was less than that of
acidic ACSF.

e DO level: The stability of passive film varied by DO
level. High oxygen in acidic ACSF and low oxygen in
alkaline PBS may accelerate CR of 440C SS.

e Anion species: The balance of corrosive chloride ion and
phosphate inhibitor in PBS would delay corrosion. On the
other hand, the synergy of aggressive chloride and
sulphate ions in ACSF would enhance CR of 440C SS.

2) HT factor: the tempering temperature at the critical range
of 440C SS led to sensitization in the corrosive
environment. In terms of mass loss, the sensitized 440C
had better corrosion resistance in ACSF. However, the
sensitized 440C SS underwent IG corrosion and cracking.
The unsensitized 440C SS without couping tended to be
dominated by uniform corrosion due to passive film
dissolution.

3) Combination of dissimilar alloys and coupling design: the
corrosion process of the unsensitized 440C started by the
galvanic effect, appearing as the formation of intense
passive film at the confined areas. Then, crevice corrosion
was predominated in forms of pits and passive film
removal in the confined areas due to the change in
differential oxygen concentration cell. Unlike the
sensitized 440C, the micro-mechanism was initially
driven by IG corrosion and then IG cracking and grain
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decohesion were developed between both gaps and the
confined areas, appearing as crevice corrosion in
macroscale.

The findings from this study suggest that the combination
of 440C SS-Ti6Al4V couples in the encapsulated MCGR
implants becomes undesirable if they are exposed to high
humidity or the corrosive environment in vivo due to the
synergy of galvanic and crevice effects. The HT at the critical
temperature range of 440C SS should be avoided to prevent
IG cracking. Life assessment would be helpful to manage the
revision plan for replacement. As the risk of metallosis is high,
the use of 440C SS-Ti6Al4V couples for invasive application
in vivo should be carefully designed and followed up. The
durability of the sealing mechanism should be also improved
to minimize the possibility of corrosion.
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