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The present work investigates the effects of severe plastic deformation by cold rolling on the microstructure, the
mechanical properties and the corrosion behavior of austenitic stainless steel (SS) 316Ti. Hydroxyapatite coating
(HA) was applied on the deformed material to improve their corrosion resistance. The martensitic transforma-
tion due to cold rolling was recorded by X-ray diffraction spectra. The effects of cold rolling on the corrosion be-
havior were studied using potentiodynamic polarization. The electrochemical tests were carried out in Ringer's
solution at 37 ± 1 °C. Cold rolling markedly enhanced the mechanical properties while the electrochemical
tests referred to a lower corrosion resistance of the deformed material. The best combination of both high
strength and good corrosion resistance was achieved after applying hydroxyapatite coating.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Metallic materials are widely used in medical applications as im-
plants to restore lost functions or replace organ functioning below ac-
ceptable levels [1]. Implantation applications have been markedly
increased; every year over 270,000 hip replacements are performed in
the United States [2]. Moreover, by 2030, the demand for primary
total hip arthroplasties is estimated to grow by 174% to 572,000. The de-
mand for hip revision procedures is projected to marked growth in the
next decades [2,3]. Surgical implants such as hip and knee joint implants
usually fail within a period of about 10–15 years of use, which leads to
revision surgery in order to recover the functionality of the system [4].
The reasons for their failure include degradation, design and surgical is-
sues [5]. The commonly appliedmetallic biomaterials for orthopedic ap-
plications in clinical practice are stainless steels, cobalt–chromium and
titanium-based alloys [6,7]. These materials are more suitable for load-
bearing applications compared with ceramics or polymeric materials,
mainly due to their combined high mechanical strength and fracture
toughness [8]. However, corrosion of metallic implants is one of the
most critical issues in their use because it could negatively affect their
biocompatibility and mechanical integrity. The success of implants in
the human body depends on many factors such as biocompatibility
and biofunctionality in the environment wherein the implants are
placed.
nce and Engineering, Clausthal
ellerfeld, Germany.
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The necessity of cost reduction in public health servicesmakes stain-
less steel as the most economical option of metals used in orthopedic
surgery [9,10]. It is widely applied for temporary implantation, although
it is also used as permanent implants in developing countries [11].
Stainless steel is used both in artificial knee and hip joints, bone plate
or screw [12,13], such implants require high strength. The strength of
stainless steel could be improved through grain refinement [14]. The ul-
trafine grained stainless steel exhibited excellent strength and elonga-
tion [15,16]. Such modification of the mechanical properties is mainly
due to the partial transformation of austenite to martensite (γ → α′)
and by the extra dislocations introduced by strain [17,18]. The plastical-
ly deformed-high strength austenitic stainless steel AISI 304 has a lower
corrosion resistance compared to the coarse grained materials [18].
Both the thickness and composition of passive films are likely to be
modified in many ways by plastic deformation [19]. Moreover, the ag-
gressive corrosive biological environment leads to localized corrosion
attack in long-term applications of stainless steel implants, causing pre-
mature failure [20]. Studies on retrieved implants showed that more
than 90% of the failure of 316L SS-implants is due to localized electro-
chemical cells resulting in pitting attack, or crevice corrosion at the
interface between a plate and a locking screw [21]. The resulting corro-
sion products may cause a local inflammatory response, finally leading
to the cessation of bone formation, synovitis, and loosening of artificial
joint implants [22]. Therefore, the corrosion resistance of the implants
must be enhanced. Hydroxyapatite (HA) coatings are commonly used
to coat acetabular components, knee prosthesis, pin/screw components
and dental implants [23–25]. Hydroxyapatite (HA) coatings are also
widely employed to enhance the osseointegration of orthopedic and
dental implants [26]. These coatings [Ca5(PO4)3OH] consist of 39.9%
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Fig. 2. Relation between hardness and deformation degree in cold rolling.

Table 1
Chemical composition of SS 316Ti in wt.%.

Element C Si Mn P S Cr Mo Ni N Ti

wt.% 0.024 0.50 1.57 0.038 0.015 17.75 1.949 10.2 0.080 0.23
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Ca, 18.5% P, 41.4% O and 3.4% OH (values in weight percentage) and the
Ca/P molar ratio is 1.67. This chemical composition resembles the
mineral component of human bones and hard tissues [27].

The present study aims at investigating the effects of plastic defor-
mation by cold rolling on the mechanical properties and corrosion be-
havior of 316Ti SS. The Ti-content of this SS reacts with carbon to form
titanium carbideswhich limits the formation of chromium-rich carbides
and prevents precipitation of grain boundary carbides that may cause
corrosion reactions [28]. Corrosion tests were carried out in Ringer's so-
lution as a simulated body fluid. In addition, hydroxyapatite coating
(HA) was applied to the deformed and the as-received materials to en-
hance their corrosion resistance.

2. Experimental procedures

Austenitic stainless steel 316Ti (X6CrNiMoTi17-12-2) was received
in plate form with thickness of 30 mm, chemical composition is given
in Table 1. The material was cold-rolled to different deformation de-
grees. The deformation degree is defined as φ = ln (A / A), where A
is the starting cross sectional area and A is the final cross sectional
area. Hardness measurements, via Vickers hardness tester (98.07 N for
15 S), were done on material cold rolled to definite deformation de-
grees. The microstructure development was recorded using an optical
microscope (Model: Zeiss Axioskop). The martensitic transformation
after cold rolling was recorded by X-ray diffraction spectra (XRD) oper-
ated with Co-Kα, D5000 diffractometer. Samples of 20 × 10 × 2 mm
were cut from the as-received and the deformedmaterials. The samples
were ground to 600 grit using silicon carbide (SiC) papers followed by
ultrasonic cleaning in ethanol bath. The samples were then coated
with hydroxyapatite coating (HA). HA coating was prepared using
chemical deposition method. This method has an advantage of deposit-
ing a homogenous HA coating on dental and orthopedic implants with
complex geometry (internal cavity) or macro-porosities. Moreover,
this coating method is simple and inexpensive for use in the biomate-
rials industry. The samples were firstly soaked in 2 M KOH solution for
2 h at 90 °C in order to prevent the cracking caused by the evolution
of H2 during the dissolution of the substrate [29]. The HA coating solu-
tion was prepared from 0.69 M KOH, 0.49 M EDTA (Ethylene diamine
tetra acetic acid), 0.15 M KH2PO4 and 1.14M CaNO3·H2O. The chemical
bath deposition was performed in 50 ml beaker, in which the SS sam-
ples were vertically suspended. The beaker was heated in a water bath
up to 70 °C for 2 h, after that the temperature was slowly raised to
95 °C. After 3 h of deposition, the substrates were removed, washed in
a) φ= 0

Fig. 1. Microstructu
water, and air-dried at room temperature. The process was repeated
with the same substrates to get thicker HA coatings. The surface mor-
phology of the formed coating and the Ca/P ratio were identified by
scanning electron microscopy (SEM) “HITACHI X-50” and energy dis-
persive X-ray spectroscopy (EDX) usingUltraDry Compact EDSDetector
from Thermo Scientific.

The electrochemical polarization measurements were carried out in
a round bottom polarization cell using VersaSTAT3 potentiostat from
the Princeton Applied Research company, interfaced to a computer.
The tests were conducted according to ASTM G5-94 [30]. Ringer's solu-
tion was used as an electrolyte to simulate the human body fluid. It was
prepared using laboratory grade chemicals and distilled water. The
composition of the used Ringer's solution was (in gm/l) 8.6 NaCl,
0.3 KCl, and 0.48 CaCl2. Freshly prepared solution was used for each ex-
periment. A conventional three-electrode cell was used. The counter
electrodewas a platinum sheet and all the potential data were reported
relative to a saturated calomel reference electrode (SCE). The luggin
capillary was placed close to a working electrode, which had an area
of 1 cm2. The electrolyte temperature of 37 ± 1 °C was maintained
using a heating mantle. All the potentiodynamic polarization experi-
ments were conducted after stabilization of the free corrosion potential.
A scan rate of 1 mV/s was applied due to noisy current behavior of steel
at low over-potentials [31]. The corrosion rate was determined using
the Tafel extrapolation method. The surfaces of the corroded samples
were examined using SEM and light microscope.

The Corrosion rate (in mpy), whichwas extracted from the extrapo-
lation of the Tafel lines of each polarization curve, is calculated by the
following equation:

CR ¼ Icorr � K� EW
ρ� A
b) φ= 2.25

re of SS 316Ti.
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Fig. 3. X-ray diffraction spectra of non-deformed (φ = 0) and highly deformed (φ = 2.25) SS 316Ti.
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where Icorr = corrosion current density in Ampere (A), K = con-
stant that defines the units of corrosion rate (1.288 × 105 mils/
A cm year), EW = equivalent weight in (g/equivalent), ρ = den-
sity (7.99 g/cm3) and A = sample area in cm2. The equation indi-
cates that, corrosion rate is directly proportional to corrosion
current density.
(b)

(a)

cps/eV

Fig. 4. (a) Appearance of HA coating, and (b) correspondi
3. Results and discussion

3.1. Material characterization

The microstructures of 316Ti SS before and after cold rolling are il-
lustrated in Fig. 1. Fig. 1a represents a typical equiaxed grained
ng EDX analysis of HA coating (bright marked circle).



Substrate

HA-Coating

Fig. 5. SEM micrograph of HA coating (cross-section).

Table 3
Elemental composition of the HA coating after chemical deposition (EDX analysis).

Element C–K O–K Na–K P–K K–K Ca–K Si–K Fe–K

atom.% 3.80 58.60 2.20 13.10 0.30 21.40 0.10 0.20
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austenitic microstructure of the non-deformed (φ= 0) condition, after
cold rolling (φ=2.25) the grains were highly deformed and elongated
in rolling direction (Fig. 1b). The average grain size of the as-received
material is about 38 μm. It was hard to calculate the grain size of the de-
formed material. The effect of cold rolling on the hardness is shown in
Fig. 2. With an increase in the degree of deformation by cold rolling,
the hardness increased significantly from about 125 to 460 HV10. The
ductility of the non-deformedmaterial (φ=0)was 0.44 (strain to frac-
ture, εF = ln (Ao / AF)). After deformation, thematerial still had a ductil-
ity of 0.19 that ensures a suitable workability. Moreover, the deformed
material exhibited higher strength values, which are suitable for higher
fatigue lifetime. This strong strain hardening is mainly due to the very
low stacking fault energy (SFE) in austenitic stainless steels in which
plastic deformation is characterized by the dissociation of perfect dislo-
cations in Shockley partial dislocations and the formation of wide stack-
ing faults [32,33]. Furthermore, part of the observed strengtheningmay
be caused by strain-induced transformation of the austenite tomartens-
ite as shown in Fig. 3 [34].

3.2. Coating characterization

Fig. 4a shows a SEMmicrograph of the formed HA coating on a sam-
ple deformed at φ= 2.25. The HA coating exhibited a needle-like mor-
phology. The obtained coatingwas homogeneous, dense and crack-free,
however the SEM micrographs revealed the presence of micropores.
The underlying substrate material was completely covered by the coat-
ing. The cross-section of the coating in Fig. 5 showed a uniform layer
with a relatively close contact at the interface between substrate and
coating. Moreover, the interface between HA coating and SS substrate,
as presented in Fig. 5, is similar to the SEM micrographs of the Ti sub-
strate samples after coating by HA using a chemical bath method [35].
The coating/substrate interface can be improved by post heat treat-
ments that improve bonding through enhanced diffusion at the inter-
face [36,37]. The achieved HA coating had a layer thickness of about
15 μm. TheHA-coated samples showed a rough topography. The surface
roughness parameters (Rmax and Ra) of the grinded and HA-coated sur-
faces are presented in Table 2. TheHA-coated surface revealedmarkedly
Table 2
Roughness values.

Surface conditions Rmax, μm Ra, μm

Grinded 0.55 0.05
HA 4.93 0.63
higher roughness values compared to the grinded surface. Surface
roughness is considered as a very important factor for implant/tissue in-
teraction and its influence on the biocompatibility in clinical use [38,39].
The EDX analysis (Fig. 4b and Table 3) reveals that HA coating had an
average Ca/P ratio of 1.63, which is close to the Ca/P ratio (1.67) of stoi-
chiometric HA [Ca10(PO4)6(OH)2] [40]. After deposition of the HA, crys-
tal structure of the coating was investigated by XRD-ray operated with
Co-Kα radiation. XRD spectra (Fig. 6) of the formed coating confirmed
the formation of HA coexisting with CaP phase. The crystalline HA-
phase was observed at the highest peak of 2θ = 30°, which confirms
that HA was the dominant phase in the coating.

3.3. Corrosion behavior

Fig. 7 shows the potentiodynamic polarization curves of non-
deformed (φ = 0) and deformed specimens. It is obvious that increas-
ing the deformation degree led to a clear shift in the corrosion potential
(Ecorr) to the negative direction, and an increase in the anodic current
density (Icorr). Table 4 represents the electrochemical characteristics
of the different tested conditions. The corrosion current density Icorr
of the non-deformed material (φ = 0) increased from 1128 to
9980 nA·cm−2 after deformation atφ=2.25. Correspondingly, the cor-
rosion rate of the non-deformedmaterial (φ=0) increased from 0.302
to 3.09 mpy after deformation at φ= 2.25. The increased electrochem-
ical activity by increasing the deformation degree might be related to
the increased martensite content due to deformation. The martensite
phase could act as an anode in an electrochemical cell and is thereby
prone to selective dissolution. Chloride ions are adsorbed preferentially
on martensite locations and then react with the surface film. This leads
to destruction of the surface film and delays its restoration. Metallo-
graphic observations (Fig. 8) of sample surfaces after electrochemical
tests showed numerous corrosion pits. Generally, corrosion resistance
of stainless steels is achieved by dissolving a sufficient amount of
chromium in iron to produce a coherent, adherent, insulating and
regenerating chromium oxide protective film (Cr2O3) on the surface.
This passive film of chromium oxide formed in air at room temperature
is only about 1–2 nm. Pitting corrosion is the result of the local destruc-
tion of the passive film and subsequent corrosion of the steel under-
neath this layer. The micrographs in Fig. 7 indicated that the pit
initiation frequency increasedwith the deformation degree. The pit for-
mation is influenced by many factors such as martensite content, dislo-
cation density and internal stresses [41,42]. A. Barbucci et al. [43] have
Fig. 6. X-ray diffraction spectra of HA coating formed on the surface of SS 316Ti.
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Table 4
Results of the electrochemical tests of SS 316Ti cold rolled at different deformation
degrees.

Deformation
degree

Corrosion current density,
Icorr (nA·cm−2)

Corrosion potential
Ecorr (mV)

Corrosion
rate mpy

φ = 0.0 1128 −291 0.302
φ = 1.2 6730 −541 1.58
φ = 2.25 9980 −752 3.09
φ = 0.0 + HA 370 −184 0.275
φ = 2.25 + HA 325 −677 0.167
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related the pit initiation to the passive film stability, which is influenced
by cold deformation. The increased number of pits by increased cold
work suggests amuch higher defective oxide film in deformedmaterial.
The surface defects may lead to a selective Fe dissolution and diminish
the protection of the substrate by thefilm, i.e., they increase its apparent
conductivity. Previous studies reported that the equilibrium ferrite/
austenite structures could promote galvanic corrosion with dissolution
of ferrite in open-circuit conditions [44,45]. Moreover, it is reported
that the inclusions are likely to affect the pitting initiation [46].

The effect of HA coating on the corrosionbehavior, in terms of poten-
tiodynamic polarization, is illustrated in Fig. 9. The figure shows the po-
tentiodynamic polarization curves of the non-deformed (φ = 0) + HA
coating and deformed (φ=2.25)+HA coating. It is clear that HA coat-
ing resulted in a significant reduction of the corrosion current density.
The corrosion potential Ecorr shows a relative shift to the positive
direction. More interestingly, the cathodic and anodic currents of the
deformed material (φ = 2.25) + HA coating were lower than those of
the non-deformed material (φ = 0) + HA coating. Correspondingly,
the values of Icorr and corrosion rate calculated based on Tafel
(a) (b)

Fig. 8. Optical micrographs revealing corrosion pit formation after potentiodynam
extrapolation, of thedeformed (φ=2.25)+HAcoating,were relatively
lower than those of the non-deformed (φ=0)+HA coating (Table 4).
Introducing HA coating on the surface of the deformed material (φ =
2.25) led to a reduction of the corrosion current density and corrosion
rate from 9980 nA·cm−2 and 3.09 mpy to 328 nA·cm−2 and
0.167 mpy, respectively. The progressive enhancement of the corrosion
resistance after HA coating is related to the fact that HA is a non-
interactive ceramic material. Accordingly, HA coating forms a barrier
that prevents ion release from the substrate hence provides a good pro-
tection against corrosive environment.

The coating thickness is an effective important factor influencing ad-
hesion and corrosion resistance. B. Aksakal et al. [47] found that adhe-
sion and corrosion resistance decreased with increasing coating
thickness on 316L SS. The authors observed increased surface cracks
after thicker HA coatings. The number of cracks reached a significant
level when the thickness was more than 40 μm and the highest corro-
sion susceptibility was found on 72 μmHA-coated 316L SS. Such cracks
may lead to loosening of the implants. Moreover, the bonding strength
of thicker HA coatings was lower than that of thinner ones. Bonding
strength of HA coatings decreased with increasing coating thickness.
After the corrosion tests, it was observed that the bonding strength
was reduced. S. Sonmenz et al. [48] stated that the micro-scale HA-
coated Mg substrates were more corrosion resistant than the nano-
scale HA-coated substrates. Thicker coatings often exhibited porosity
thatweakened the interfacial strength andprovided an easy path for ad-
hesion failure. The coating with higher crystallinity and fewer defects
may be preferentially considered. The nucleation, growth of crystals
onto the substrate, dissolution and precipitation rates of HA coatings
are critically dependent on the crystal structure developed in the coat-
ings. HA coatings with higher crystallinity yielded a decreased dissolu-
tion rate [49] and higher rates of cell proliferation [50]. Darimont et al.
[51] concluded that implants in trabecular and cancellous bone require
coatings with a very high crystallinity. Another study by W. Xue et al.
[52] deduced that the HA coating with high crystallinity showed the
lower dissolution compared to the low crystallinity coating. They
found that, after 3 months from implantation, the high crystallinity
coating showed the higher shear strength and remained integrated.
Whereas the separation of the coating fragments was clearly observed
in the low crystallinity coating. In brief, the high crystalline HA coating
is suitable for long-term implantation and the low crystalline coating
has superiority in promoting faster initial bone fixation [53].

The formation of the passive filmwas found to occur with wider po-
tential range for both HA-coated materials in comparison with the un-
coated materials. This indicates that the passivation through the HA
coating leads to a significant enhancement of the passivation properties
of the surface oxide film [54]. The passive film prevents the dissolution
of the substrate into the electrolyte. SEMmicrographs of the HA-coated
samples after corrosion tests revealed the presence of localized corro-
sion pits (Fig. 10). There was no significant difference in the size of the
formed corrosion pits on the HA-coated surfaces of non-deformed and
(c)

ic polarization of uncoated SS 316Ti (a) φ = 0, (b) φ = 1.2 and (c) φ = 2.25.
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deformed samples. However, pitting corrosion had been gratefully con-
trolled in HA-coated material, i.e., the number of the formed pits on the
HA-coated surfaces after corrosion tests was clearly lower than those
observed on the uncoated samples. Appearance of these pits confirms
the fact that even the HA-coated samples suffer corrosion but with a
lower corrosion rate. The presence of corrosion pits on the surface of
the HA-coated materials could be related to the existence of some mi-
cropores in the coating layer that act as conducting paths between the
corrosive medium and the metallic substrate.

These observations confirm themarked enhancement of the passive
film and corrosion resistance after HA coating. According to the current
results, the significant improvement of the corrosion resistance of the
deformed 316Ti SS after HA coating together with the high mechanical
properties offer promising advantages of the studied material for clini-
cal applications.

4. Conclusions

The plastic deformation, through cold rolling, and HA coating were
evaluated for their ability to improve the mechanical properties and
corrosion resistance of 316Ti SS. The following conclusions can be
drawn from this research.

▪ Compared to the non-deformed material, increasing the deforma-
tion degree led to a clear shift in the corrosion potential (Ecorr) to
the negative direction and an increase in the anodic current density
(Icorr).

▪ Pit initiation frequency increased with the deformation degree.
▪ The formed HA coating was homogeneous and dense, and
(a)

Fig. 10. SEMmicrographs reveal the formation of corrosion pits on the HA-coated s
completely covered the underlying substrate material. The formed
coating had an average Ca/P ratio of 1.63.

▪ The HA-coated surface revealed markedly higher roughness values
compared to the grinded surface.

▪ HA coating resulted in a significant reduction of the corrosion
current density. The corrosion current density (Icorr) and corrosion
rate of the deformed material (φ = 2.25) dropped from
9980 nA·cm−2 and 3.09 mpy to 328 nA·cm−2 and 0.167 mpy,
respectively.

Based on these conclusions; HA coating of the deformed 316Ti SS re-
sulted in a combination of goodmechanical properties and an excellent
corrosion resistance, and hence acts as a promising implant material for
biomedical applications.
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