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In Vitro Corrosion Anisotropy Assessment of Ti6Al4V
Bimodal Microstructure due to Crystallographic
Texture

MOHABBAT AMIRNEJAD, MOHAMMAD RAJABI, and ROOHOLLAH JAMAATI

The effect of crystallographic texture on the corrosion performance of the Ti6Al4V alloy with a
typical bimodal microstructure has been studied on three orthogonal surfaces of the rectangular
sample. The optical microscopy (OM) and scanning electron microscopy (SEM) observations
revealed that the same microstructure is developed on three surfaces via heat treatment. The
crystallographic planes, which are located in parallel to each surface, have been evaluated
through macrotexture analysis. The electrochemical measurements showed that the RD-ND
surface (i.e., surface normal to transverse direction), in which 0002f g and f11�20g crystallo-
graphic planes are placed in parallel to the surface, has the lowest corrosion rate equal to 2.2 9
10�5 mm/year. In contrast, the corrosion rate of the TD-ND surface, which is normal to the
rolling direction, with 10�10

� �
planes in parallel to the surface is ~ 15 times greater than that of

the RD-TD surface. Electrochemical impedance spectroscopy (EIS) results showed that the
greater corrosion resistance of different surfaces is mainly dependent on the passive layer
properties formed on each surface.

https://doi.org/10.1007/s11661-021-06278-6
� The Minerals, Metals & Materials Society and ASM International 2021

I. INTRODUCTION

TI6AL4V, as a dual-phase titanium alloy, has been
used extensively as a metallic implant in the human
body to restore a function by replacing or supporting a
damaged structure.[1–4] In addition to the high strength
to weight ratio, relatively low elastic modulus, inertness
to the body environment, and enhanced biocompatibil-
ity, Ti6Al4V alloy possesses exceptional corrosion
resistance in physiological solutions.[5–7] As an implant
material, the corrosion behavior of Ti6Al4V alloy in
human body fluids is of great importance. Despite the
high corrosion resistance of Ti6Al4V alloy, which results
from the spontaneous formation of a natural oxide layer
on its surface,[8–10] it has been reported that the release
of Al ions might cause diseases such as Alzheimer’s
disease.[11] Besides, vanadium toxicity has been reported
in many studies.[12,13]

The crystallographic texture indicates the preferred
orientation of grains in a polycrystalline material.[14]

The importance of the crystallographic texture is due to
the fact that many of the material’s properties depend

on its texture. The effect of the crystallographic texture
has been mainly investigated on the mechanical prop-
erties,[15–17] fracture behavior,[18] and fatigue behavior[19]

of different metallic alloys. Concerning corrosion as a
surface phenomenon, the properties of those crystallo-
graphic planes located in parallel to the exposed surfaces
of the material can affect its corrosion behavior. To our
knowledge, compared to the mechanical properties, few
studies are available on the investigation of crystallo-
graphic texture effects on the corrosion performance of
the metallic alloys, especially Ti6Al4V. The crystallo-
graphic texture effect on the corrosion properties of
Mg-Nd-Zn alloy has been investigated by Tan et al.,[20]

where the higher corrosion resistance of the basal
texture has been reported. 110f g Planes of Fe-17Cr
ferritic stainless steel have been the most corrosion-re-
sistant planes in the HNO3 solution, as reported by Fu
et al.[21] Martin et al.[22] reported that the corrosion
resistance of Ti6Al4V alloy when the basal planes are
parallel to the surface is lower than that of a surface
parallel to prismatic planes. On the contrary, the higher
corrosion resistance of titanium due to the preferred
orientation of basal planes parallel to the surface has
been reported by Chatterjee et al.[23]

Based on this background, it can be concluded that
the investigation of the crystallographic orientation of
the grains is mandatory to gain more insight into the
corrosion behavior of a material. Reports on the effect
of the crystallographic texture on the corrosion perfor-
mance of Ti6Al4V alloy are lacking. Moreover, the
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reported inconsistencies related to the crystallographic
texture effect on the corrosion performance of Ti6Al4V
alloy may be attributable to the simultaneous impact of
the texture and microstructure on the corrosion perfor-
mance of the material. In our previous study, the effect
of the basal plane orientation parallel to the exposed
surface on the corrosion behavior of the alloy was
investigated.[24] In contrast, the effect of other crystal-
lographic planes was not determined. In the present
study, aiming to investigate the effect of other crystal-
lographic planes on the Ti6Al4V corrosion in phos-
phate-buffered saline (PBS) solution, regardless of its
microstructure, it was planned to extend the study to
develop different crystallographic textures using heat
treatment in such a way that it would be possible to
investigate the effect of plates on the corrosion of the
alloy. For this purpose, a similar bimodal microstruc-
ture was created on three orthogonal surfaces of a
rectangular sample, whereas different crystallographic
planes are located parallel to each surface. In this way,
the effect of the crystallographic texture on Ti6Al4V
corrosion can be investigated independently from the
microstructural features.

II. MATERIALS AND METHODS

A. Materials

A rolled Ti6Al4V alloy plate of 10 mm thickness
(Alloy Supply, UK) with a chemical composition of 6.2
wt pct Al, 3.8 wt pct V, 0.05 wt pct Fe, 0.15 wt pct O,
and 0.01 wt pct Mo with the balance of titanium was
used as the raw material in this study. Rectangular
samples, which were cut from as-received plate, with
dimensions of 20 9 15 9 10 mm, were used for heat
treatment in which the long axis of samples was parallel
to the rolling direction. The presence of three orthog-
onal surfaces, namely TD-ND, RD-ND, and RD-TD,
which are perpendicular to the rolling direction (RD),
transverse direction (TD), and normal direction (ND),
respectively, makes it possible to have distinct crystal-
lographic planes in parallel to the surfaces of the same

microstructure. Figure 1(a) shows the 3D schematic
illustration of samples. The b-transus temperature for
this alloy was determined by soaking several samples at
a temperature between 980 �C and 1000 �C (5 deg
intervals) for 60 minutes, followed by water quenching.
Given that, if the sample had reached the b-transus
temperature, the quenched microstructure would be
fully martensitic, the transition temperature was set to
995 �C. To provide the same microstructure for all
surfaces, the samples were subjected to a solution
treatment at the temperature of 954 �C for 1 hours, air
cooled to room temperature, and then given a stabiliza-
tion treatment at 700 �C for 2 hours, followed by air
cooling, as depicted in Figure 1(b).

B. Characterization

1. Microstructure
The microstructural investigation was performed by

the conventional metallographic procedure. Different
surfaces, i.e., TD-ND, RD-ND, and RD-TD surfaces,
were ground by silicon carbide emery paper up to 2000
grit by wet grinding, followed by polishing with alumina
of 0.3 lm. The chemical etchant used was modified
Kroll’s reagent containing 20 mL HF, 10 mL HNO3,
and 70 mL distilled water. The microstructure was
examined using optical microscopy (OM, DG Vic-
tory-Dewinter optical microscope) and scanning elec-
tron microscopy (SEM, FEI ESEM QUANTA 200)
equipped with 2017 EDAX EDS Silicon Drift detectors
(SDDs). Quantitative analysis of microstructural fea-
tures was conducted via Clemex Vision software.

2. Crystallographic texture
Due to the limited volume fraction of b phase in

Ti6Al4V alloy at room temperature, the macrotexture
measurement was performed only for a hexagonal phase
(as a predominant phase) by x-ray diffraction method
(XRD, PANalytical X-ray diffractometer) with Cr ka
radiation (k ¼ 2:2936 Å). A set of three incomplete pole
figures including 10�10

� �
, 10�11
� �

, and 10�13
� �

was
measured for the heat-treated sample. The inverse pole

Fig. 1—(a) Rectangular sample illustration and (b) heat treatment schedule.
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figures (IPFs) in normal, rolling, and transverse direc-
tions were calculated based on the orientation distribu-
tion function (ODF), calculated from the
aforementioned incomplete pole figures. Calculations
were performed using TexTools software (ResMat Co.).

3. Electrochemical evaluation
All electrochemical measurements were done using a

potentiostat-galvanostat (VersaSTAT 4 equipped with a
FRA/VersaSTAT4 impedance module) with a conven-
tional three-electrode cell with a platinum sheet as the
counter electrode, and standard calomel electrode (SCE,
E deg = + 0.233 V vs SHE at 37 �C) as the reference
electrode. The polished surface of heat-treated Ti6Al4V
with an exposed area of 0.6 cm2 was used as working
electrode. The used electrolyte in this study was phos-
phate-buffered saline (PBS) solution composed of 8 g
NaCl, 0.2 g KH2PO4, 2.9 g Na2HPO4, and 0.2 g KCl in
1000 mL of solution. All measurements were performed
at 37 ± 1 �C. The open-circuit potential of each surface
was monitored with time for 3600 seconds. The electro-
chemical impedance spectroscopy of samples was con-
ducted by applying a 10 mV AC amplitude signal vs
OCP over a frequency range of 105 to 10�2 Hz. The
electrochemical impedance spectroscopy (EIS) spectra
have been displayed as Nyquist and Bode plots. EIS
parameters were analyzed using ZView fitting software.
Potentiodynamic polarization was applied from � 0.25
V in the cathodic direction to 1.25 V anodic potential vs
OCP with a scan rate of 1 mV/s. All electrochemical
measurements were made in triplicate for each surface,
and the average results were reported. The morpholog-
ical features of the corroded surface after the polariza-
tion test were investigated via SEM and EDS analysis.

III. RESULTS

A. Microstructure

Figures 2(a) through (c) shows the optical micrograph
for RD-TD, TD-ND, and RD-ND surfaces and the
corresponding equiaxed a grain size distribution shown as
inset histograms with a fitted normal distribution curve
(line graph). As seen, the microstructures consist of
equiaxed primary a grains in a transformed b matrix,
called a bimodal microstructure. Soaking the sample at
954 �C for 60 minutes leads to the formation of the
microstructure mainly composed of b phase, which is
more stable at high temperatures, and a small number of
globular a grainswithin abmatrix. The globularizationof
primary a grains is done tominimize the surface energy of
a grains.[25]During air cooling, the primary globular awill
grow to a certain extent. The high cooling rate through air
cooling leads to the formation of a transformed b region
(appears as an a/b lamellar microstructure) within prior b
grains. The second annealing step is performed at 700 �C
to stabilize the microstructure and release the internal
stresses developed during air cooling from 954 �C. The
bimodal microstructure was selected for investigation in
this study because it possesses a combination of strength,
ductility, and good fatigue properties among different
titanium microstructures and is, therefore, the most
commonly used microstructure of Ti6Al4V alloy.[26]

Image analysis was performed to quantify themicrostruc-
tural features of different surfaces. The obtained results
by statistical analysis are summarized in Table I.
As seen, the normal distribution curves for different

surfaces are approximately congruent. The average
primary a grain sizes are 6.08, 5.50, and 5.37 lm for
RD-TD, TD-ND, and RD-ND surfaces, respectively.

Fig. 2—The optical images of (a) RD-TD, (b) TD-ND, and (c) RD-ND surfaces along with corresponding grain size distribution (inset bar
graphs).

Table I. Image Analysis Results for Different Surfaces

Surface Average Grain Size (lm) Standard Deviation (lm) Standard Error (lm) Equiaxed a Content (Pct)

RD-TD 6.08 2.44 0.121 29
TD-ND 5.50 2.37 0.089 36
RD-ND 5.37 2.16 0.079 31
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The same standard deviation values (i.e., 2.44, 2.37, and
2.16 for RD-TD, TD-ND, and RD-ND surfaces,
respectively) represent a uniform spread out of equiaxed
a grain size. The majority of grains have a size between 4
and 7 lm for all different surfaces. Moreover, the overall
equiaxed a grains for RD-TD, TD-ND, and RD-ND
surfaces are equal to 29, 36, and 31 pct, respectively.

Figure 3 shows the heat-treated sample micrographs
at different magnifications. The microstructure is a
mixture of fine equiaxed primary a grains surrounded by
a transformed b matrix, as shown in Figure 3(a). It
should be noted that transformed b regions were b phase
at 954 �C, which transforms to a Widmanstatten
microstructure during subsequent air cooling. The
microstructure of the heat-treated sample at higher
magnification is shown in Figure 3(b). It can be seen
that the transformed b microstructure is mainly com-
posed of Widmanstatten (lamellar) morphology.

The chemical composition disparity of the different
microstructure constituents resulting from diffusional
partitioning of alloying elements is shown in Figure 4.
The vanadium content for the b phase, equiaxed a
phase, and a lamellas is equal to 5.17, 1.98, and 3.24 wt
pct, respectively. The b phase in transformed b
microstructure is richer in vanadium compared to the
a phase with both equiaxed and lamellar morphology.
The higher concentration of vanadium in a lamellas in
comparison to equiaxed a grains may be ascribed to the
diffusional partitioning rate of alloying elements. The

primary a grain growth, with low vanadium content,
which remains in the structure at 954 �C, leads to the
formation of equiaxed a morphology, whereas the
plate-like a grains form from a b parent phase with a
high content of vanadium. During air cooling, there is
not sufficient time to complete diffusional partitioning.
It should be noted that for Ti6Al4V alloy, vanadium is a
limiting element in the diffusional processes of the
alloy.[27]

B. Crystallographic Texture

The ODF of as-received Ti6Al4V alloy is presented in
Figure 5, and the intensity distribution plots of the main
fibers are illustrated in Figures 6(a) through (c). The u2

= 30 deg section shows that two important fiber
textures are present: the ð11�23Þ ^ ND fiber texture at
F = 45 deg, which extends from u1 = 0 deg to u1 =
360 deg with an average intensity of 1.75 multiples of
random distribution (mrd), and ð11�20Þ ^ ND fiber
texture at / = 90 deg and u1 = 0 to 360 deg. The major
component of ð11�23Þ ^ ND fiber is 11�23

� �
1�100
� �

at u1

= 180 deg, F = 45 deg, and u2 = 30 deg with the
intensity of 2.13 mrd (see Figures 5 and 6(a)). A certain
uniformity is observed in ð11�20Þ ^ ND fiber intensity, as
shown in Figure 6(b), with major texture components of

1120
� �

1�100
� �

, 11�20
� �

1�102
� �

, 11�20
� �

1�101
� �

, and

11�20
� �

1�10�1
� �

with the intensity of 1.78, 1.84, 1.79, and
1.77 mrd, respectively. Moreover, a relatively weaker
ð01�12Þ ^ ND fiber texture is seen at the u2 = 0 deg
section (see Figure 5) with an average intensity of 1.1
mrd with main texture components of 01�12

� �
0001½ � and

01�12
� �

22�43
� �

with the intensity of 1.25 and 1.14 mrd,
respectively, as illustrated in Figure 6(c).
Figure 7 shows the ODF for the heat-treated sample.

Contrary to the as-received material, no trace of fiber
texture is observed in the heat-treated sample. The
dominant texture components for the heat-treated
Ti6Al4V alloy, along with their relevant characteristics,
are summarized in Table II. During heat treatment, the
crystallographic texture of the a phase transforms from
ð11�23Þ^ND, ð11�20Þ^ND, and ð01�12Þ^ND fiber texture
to 01�12

� �
�2�243, 01�14

� �
�23�1�1, and 22�31

� �
5�4�1�1 compo-

nents. The 01�12
� �

�2�243 component with the intensity of
2.11 mrd is observed at u1 = 115 deg, F = 37 deg, and
u2 = 0 deg, which is ~ 30 deg away from 0001f g�2�243
orientation. The 01�14

� �
�23�1�1 component, which slightly

tilted away from 0001½ �||ND texture, appears at u1 =
230 deg, F = 25 deg, and u2 = 0 deg with the intensity
of 1.92 mrd. Moreover, near the prismatic texture
component 22�31

� �
5�4�1�1 is the dominant texture com-

ponent of the heat-treated sample with the 3.31 mrd.
During heat treatment, the simultaneous growth of

prior a grains and a platelets in a Widmanstatten
microstructure occurred. The crystallographic texture
transformation during heat treatment can be caused by
two mechanisms. The volume difference between the a
phase (with HCP structure) and the b phase (with BCC
structure) causes stress in the structure during the phaseFig. 3—SEM micrographs of bimodal Ti6Al4V microstructure at (a)

low magnification and (b) high magnification.
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transformation. The variant selection during transfor-
mation would be changed as a result of stress, which can
be effective on the formed a phase texture.[28] Besides, it
has been shown for Ti6Al4V alloy that the a $ b phase
transformation takes place according to an orientation
relationship between a and b phases called Burger’s
orientation relationship (BOR). The BOR can be
explained as 0001ð Þak 110ð Þb and11�20a k 1�11b. The

nucleation and growth of a platelets from the parent b
phase based on BOR will lead to the change in
as-received material crystallographic texture during heat
treatment.[28,29]

Corrosion reactions usually occur on the surface of
the alloy. Therefore, for a better understanding of the
crystallographic texture effect on corrosion characteris-
tics, it is necessary to identify the crystallographic planes
that are located in parallel to the surfaces that undergo

the corrosion reactions. Inverse pole figures are used for
this purpose. The crystallographic texture of the a phase
in the heat-treated sample is presented by IPFs
(Figure 8). The inverse pole figure corresponding to
ND shows high axis densities located around the 10�14

� �

direction with the intensity of 1.3 mrd. The maximum
intensity location implies that basal planes of many
grains are oriented at ~ 15 deg to the RD-TD surface.
Furthermore, the 20�21

� �
direction of some grains is

parallel to ND. The IPF of RD shows the 10�10 k RD
texture with a maximum intensity of 1.31 mrd, where
many grains have their 10�10

� �
planes in parallel to the

TD-ND surface. Finally, the inverse pole figure of TD
shows more scattered high axis densities around 11�21
with an intensity of 1.20 mrd as well as 10�16 with a
maximum intensity of 1.17 mrd. It can be concluded

Fig. 4—EDS results for different microstructural constituents.
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that the 11�20 direction of many grains was nearly
parallel to TD. Moreover, the 0001 directions of some
grains were found to be approximately parallel to TD.

C. Electrochemical Evaluation

1. Open circuit potential (OCP)
The OCP variation during 1 hours in PBS solution is

presented in Figure 9 for three orthogonal surfaces of
the sample. The positive shift in OCP values is observed
for all three surfaces, which can be ascribed to the
decrease of anodic reaction kinetics as a result of natural
oxide film formation on the exposed surface during
immersion time.[30] The natural oxide film formation
leads to a thermodynamic equilibrium between anodic
and cathodic reactions occurring on different surfaces,
showing itself by OCP stabilization after 1 hours

immersion. It should be noted that in oxidizing envi-
ronments, a compact and coherent oxide film with a
thickness of about 2 nm, which mainly contains TiO2, is
spontaneously formed on the titanium alloy sur-
face.[31–33] This oxide layer can impede corrosion by
preventing the dissolution of metallic ions.[34]

2. Potentiodynamic polarization
The corrosion performance of RD-TD, TD-ND, and

RD-ND surfaces was investigated by potentiodynamic
polarization test. Figure 10(a) shows the polarization
curve of different surfaces of heat-treated alloy in PBS
solution. The calculated corrosion parameters based on
Tafel extrapolation, namely the corrosion potential
(Ecorr), corrosion current density (icorr), and correspond-
ing Tafel slopes, are summarized in Table III, along
with the passive current density (ipass). Moreover, the

Fig. 5—ODF of as-received Ti6Al4V alloy.
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calculated corrosion rates for three different surfaces are
illustrated in Figure 10(b). Faraday’s law was used to
calculate the corrosion rates, according to ASTM
G102-89[35]:

Corrosion rate (mm/year) = K� icorr � EW=q ½1�

where EW stands for equivalent weight and is equal to
11.768 for Ti6Al4V alloy, icorr is the corrosion current
density in lA/cm2, K= 3.27 9 10�3 mm g/lA cm y, and
q is density in g/cm3.

The corrosion potentials of RD-TD, TD-ND, and
RD-ND surfaces are � 0.501 ± 0.08 V, � 0.083 ± 0.03
V, and -0.294 ± 0.06 V vs SCE, respectively, which are
in good agreement with the OCP results. The TD-ND
surface has the highest corrosion current density equal
to 37.4 ± 2.4 nA/cm2, whereas the RD-ND surface
reveals the lowest corrosion current density of 2.25 ± 0.8
nA/cm2. The corrosion current density measured at the
RD-TD surface was 8.3 ± 1.2 nA/cm2. As seen in
Figure 10(a), an apparent passive plateau was observed
for the RD-TD and RD-ND surfaces in which the
current density remains constant over a range of
potential. However, this is not the case for the TD-ND
surface, where the current density is continuously
increased with increasing applied potential, and no
specific passivation region is observed. This suggests
that the TD-ND passivation ability is lower than the
other two surfaces. The passive plateau for the RD-TD
surface starts at -0.136 V and ends around 0.049 V,
whereas the RD-ND surface exhibits the potential range
of the passive region from 0.427 to 0.776 V. The
passivation current density of the RD-ND surface is
lower than that of the RD-TD surface (see Table III)
demonstrating that the protective efficiency of the
passive film formed on the RD-ND surface is more
significant in comparison with that of the RD-TD
surface. The small increase of current density by
increasing the potential to values higher than the end
potential of the passive region, as seen for polarization
curves of RD-TD and RD-ND surfaces in Figure 10(a),
can be attributed to the partial degradation of the
passive film.[36]

The corrosion resistance of metallic biomaterials is
essentially dependent on their passivation ability.[37]

According to Eq. [1], the corrosion rate of different
surfaces is proportional to their corrosion current
densities. The corrosion rate of three surfaces is graded
below (shown in Figure 10(b)):

CR RD-NDð Þ< CR RD-TDð Þ< CR TD-NDð Þ ½2�

These results are consistent with the results obtained
for the passivation ability of different surfaces (see
Table III). Moreover, Videla et al.[38] have reported that
to prevent surrounding tissue from damage or irritation,
the metallic biomaterial corrosion rate should be< 2.5
9 10�4 mm/year. The acceptable corrosion rate (ACR)
of a metallic implant is shown as the ACR (green) bar in
Figure 10(b). Based on the obtained results, the corro-
sion rate of the TD-ND surface is around 36 pct higher
than the acceptable corrosion rate.

3. Electrochemical impedance spectroscopy
The EIS, as a nondestructive method, is used to

investigate the mechanism of metallic implant corrosion
in physiological environments. Figure 11 shows the
experimental (symbols) and fitted (continuous line)
Nyquist plot [impedance imaginary part (Z¢¢) vs real
part of impedance (Z¢)] as well as Bode plots [module |z|
and phase angle vs. frequency (Hz)] for different
surfaces of heat-treated Ti6Al4V in PBS solution.

Fig. 6—Skeleton lines (intensity vs u1) of ODF represented at (a) u2

= 30 deg and / = 45 deg, (b) u2 = 30 deg and F = 90 deg, and
(c) u2 = 0 deg and / = 40 deg for as-received material.
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Blackwood[39] showed that the semiconductor nature of
the titanium oxide layer should be taken into consider-
ation when interpreting EIS results. According to this,
the EIS spectra were fitted by an RS+ CPESC/RSC+ Cb/
Rb electrical equivalent circuit (Figure 11(a), inset)
where RS stands for the solution resistance, CPESC

and RSC are the capacitance and resistance of the
space-charge region (SCR), Rb is the resistance of the
oxide barrier layer, and Cb represents the capacitance of
the compact oxide layer. It should be stated that the
bending of valence and conduction bands on the surface
of the titanium oxide, as an n-type semiconductor, at a
positive polarization, leads to the formation of the
space-charge region (SCR) at the interface between the
oxide film and electrolyte.[40] This electrical equivalent
circuit has also been used by Poznyak et al.[41] to

investigate the mechanisms involved in Ti alloy corro-
sion. The constant phase element with the impedance of
ZCPE = 1/Y0(jx)

n is used instead of the ideal capacitor
due to the inhomogeneous surfaces of the natural oxide
layer and Ti6Al4V alloy itself.[42] Y0 is the constant

phase element admittance, j =
ffiffiffiffiffiffiffi
�1

p
, x is the angular

frequency of AC voltage, and n is the constant phase
element exponent ranging from 0 for a pure resistance to
1 for a pure capacitance behavior of CPE. The n value
for the barrier layer as a constant phase element was
calculated to be equal to ~ 0.99. As a result, the CPE
element of the barrier oxide resembles an ideal capac-
itance (n = 1). The relevant fitted values are summa-
rized in Table IV. It can be concluded from the low
chi-squared (v2) values that the used electrical

Fig. 7—ODF of the heat-treated Ti6Al4V alloy.
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equivalent circuit can properly represent the surfaces’
response to AC voltage.

As shown in Figure 11(a), the RD-ND surface has the
highest semicircular diameter in the Nyquist curve,
indicating that the RD-ND surface has a higher
corrosion resistance than other surfaces, as already
determined by potentiodynamic polarization results
(Figure 10). The constant values of |Z| at high frequen-
cies in Bode plots are related to the uncompensated
solution resistance. The results (see Figure 11 and
Table IV) show that solution resistances are nearly the
same for all three surfaces. This can be attributed to the
infinite amount of electrolyte, whose resistance cannot

be affected by the small variation in the released metallic
ion concentration. For all surfaces, approaching the
phase angle values to 90 deg at medium to low
frequencies could be ascribed to the formation of a
stable passive layer on all surfaces.[36]

The thicknessof theoxidebarrier layer, as aneffective layer
for providing corrosion resistance, is inversely proportional
to its capacitance value, such as given below[43]:

d ¼ 1=Cð Þ e0erAð Þ ½3�

where e0 = 8.85 9 10�14 Fcm�1 is the permittivity of the
vacuum, er is the relative permittivity of the oxide film

Table II. Major Texture Component Characteristics

Component

Euler Angles (Deg)

Intensity (mrd) Crystal Orientationu1 F u2

01�12
� �

�2�243 115 37 0 2.11

01�14
� �

�23�1�1 230 25 0 1.92

22�41
� �

5�4�1�1 350 82 25 3.31

Fig. 8—IPFs of the heat-treated sample.
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(generally considered to be equal to 100 for titanium
oxide[44]), and A is the surface area, which was equal to
0.6 cm2 in this study.

Figure 12 shows the obtained Cb and corresponding d
values for RD-TD, TD-ND, and RD-ND surfaces. To
obtain better insight into the effect of barrier layer
thickness on corrosion resistance, the corrosion rate of
different surfaces is also presented in Figure 12 as bar
graphs. The Cb values for RD-ND, RD-TD, and
TD-ND surfaces were calculated to be 18.5, 29.4, and

41.6 lF cm�2, respectively, and the corresponding inner
barrier layer thicknesses were found to be 2.88 ± 0.26,
1.80 ± 0.09, and 1.27 ± 0.01 nm, respectively. More-
over, the results indicate a direct relationship between
the natural oxide layer thickness and the resistance to
corrosion for different surfaces. The RD-ND surface
with a barrier layer thickness of 2.88 ± 0.26 nm showed
the highest corrosion resistance with a corrosion rate of
2.2 9 10�5 mm/year compared to other surfaces. The
decrease in oxide layer thickness to 1.27 ± 0.01 nm for
the TD-ND surface increases the corresponding corro-
sion rate to 3.2 9 10�4 mm/year.

D. Corrosion Surface Morphology

Figure 13(a) through (c) shows the SEM images of the
RD-TD, TD-ND, and RD-ND surfaces after a polar-
ization test in the PBS solution. Furthermore, the
corroded surfaces were chemically analyzed by the
EDS plane scan as represented in Figures 13(d) through
(g). The results show that a uniform layer was formed on
the RD-TD and RD-ND surfaces (Figures 13(a)
through (c)), whereas, a large number of corrosion
products were accumulated on TD-ND surface as
shown at low magnification and higher magnification
(inset) in Figure 13(b). The corresponding EDS plane
scan (Figure 13(e)) revealed that these clusters contain a
noticeable oxygen content of around 17.5 wt pct. The
existence of oxygen and titanium accompanied by
aluminum and vanadium peaks could indicate that the
formed passive layer on all three surfaces, in addition to
titanium oxide, also contains aluminum and vanadium
oxides. Besides, according to EDS analysis, the increas-
ing order of oxygen content in corrosion layers is as
follows:

TD-ND > RD-TD > RD-ND ½4�

Higher levels of oxygen in the corroded surfaces may
imply that larger amounts of corrosion products have
formed on the surface as a result of higher corrosion
rates. Accordingly, there is good agreement between the
relative amount of oxygen on the corroded surfaces and
the corresponding corrosion rates shown in Figure 10.

IV. DISCUSSION

All three surfaces have the same microstructural
features (Figure 2). Therefore, the corrosion perfor-
mance of different surfaces can exclusively be affected by
the crystallographic orientations, especially the crystal-
lographic planes placed parallel to the exposed surface.
It was observed that the RD-ND surface in which the
0002f g planes of some grains and 11�20

� �
planes of

some other grains are nearly parallel to the exposed
surface exhibits the most excellent corrosion resistance
among all three surfaces. On the contrary, the lowest
corrosion resistance belongs to the TD-ND surface,
where many grains are oriented in such a way that their
10�10

� �
prismatic planes are located nearly parallel to

Fig. 9—OCP evaluation of three different surfaces in PBS solution.

Fig. 10—(a) Potentiodynamic polarization curves and (b) corrosion
rates for different surfaces of the heat-treated sample.
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the corroding surface. The measured corrosion rate for
the RD-TD surface, wherein 0002f g planes of many
grains and 10�10

� �
planes of some grains are placed

nearly parallel to the surface, has a certain value
between the corrosion rate of RD-ND and TD-ND
surfaces. It seems that the 10�10

� �
planes are the most

prone to corrosion, whereas the orientation of 0002f g
and 11�20

� �
planes in parallel to the RD-ND surface will

lead to the highest corrosion resistance.
It should be mentioned that the {0002} planes in the

hcp structure are closed-pack planes that have a higher
atomic planar density compared to other crystallo-
graphic planes. Besides, the higher binding energy of
these planes has been identified, as well as the higher
dissolution activation energy barrier, as to other planes
in hcp. It is possible to deduce that the {0002}
close-packed planes would have the highest corrosion
resistance of all other hcp planes. It was shown in our

previous study[24] that the surface in which many grains
have their basal planes parallel to the surface offers
greater corrosion resistance in comparison with the
surfaces of more scattered crystallographic texture at the
same microstructure. The lower corrosion rate of
high-density planes in comparison to that of planes
with lower planar density has also been reported by
Shahryari et al.[45] They showed that the basal planes of
pure titanium single crystal provide better corrosion
resistance than the 11�20

� �
and 10�10

� �
planes.

On the other hand, the electrochemical measurements
revealed that the corrosion resistance of different sur-
faces is primarily dependent on the formed passive layer
properties. The excellent corrosion resistance of tita-
nium and its alloys is mainly due to titanium’s high
reactivity with oxygen, leading to the rapid formation of
a stable oxide layer.[46–48] The highest corrosion resis-
tance of the RD-ND surface can be attributed to the

Table III. Corrosion Parameters of RD-TD, TD-ND, and RD-ND Surfaces Calculated by Tafel Extrapolation Method

Surface Ecorr (V vs. SCE) icorr (nA/cm2) ipass (lA/cm2) Corrosion Rate (910�4, mm/year)

RD-TD 0.501 ± 0.08 8.3 ±1.2 2.80 0.74 ± 0.10
TD-ND � 0.083 ± 0.03 37.4 ± 2.4 — 3.4 ± 0.14
RD-ND � 0.294 ± 0.06 2.25 ± 0.8 2.33 0.22 ± 0.07

Fig. 11—EIS spectra for RD-TD, TD-ND, and RD-ND surfaces in PBS solution: (a) Nyquist plot with the equivalent circuit (inset) and (b)
Bode plots.

Table IV. EIS Fitting Parameters

Surface RS (X cm2) RSC (KX cm2) CPESC (lF cm�2sn�1) n Rb (MX cm2) Cb (lF cm�2) v2 9 10�3

RD-TD 71.1 ± 14.6 16.3 ± 6.4 79.7 ± 18.8 0.82 1.76 ± 0.3 29.4 ± 1.5 < 4
TD-ND 64.0 ± 21.9 51.5 ± 3.7 38.2 ± 6.7 0.84 0.43 ± 0.03 41.6 ± 0.4 < 1
RD-ND 76.6 ± 9.6 172.0 ± 39 87.3 ± 31 0.79 3.06 ± 0.1 18.5 ± 1.7 < 2
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thicker passive layer formation on this surface. The
thickness of the surface oxide layer can be influenced by
the oxygen diffusion mechanism in a-Ti as a predom-
inant phase in Ti6Al4V alloy. The oxygen diffusion rate
is mainly dependent on the planar atomic density of the
diffusion. The close-packed {0002} planes are favorable
to the diffusion of oxygen atoms, whereas the same does
not apply for the 11�20

� �
and 10�10

� �
planes.[49] It is also

worth noting that the oxygen diffusion pathways are
symmetric at an equal distance on the basal planes that
leads to the higher diffusion rate of oxygen.[49,50]

The passive layer formation and its related barrier
properties can also be investigated from the surface
energy perspective. As a general rule, areas on the
surface with high free energy levels (e.g., grain bound-
aries) are more prone to corrosion.[51] Crystallographic
planes with higher surface energy should also show
lower corrosion resistance in comparison with planes of
lower surface energy. Li et al.[52] used a surface model
based on empirical electron theory (EET) to calculate
the surface energy values for different crystallographic
planes in materials with hcp structure. Their results
showed that the surface energy for the 0002f g, 10�10

� �
,

and 11�20
� �

planes of the a-Ti phase are 8.764, 8.361,
and 9.653 eV nm�2, respectively. These results may
contrast with the corrosion rates presented in Table III
and Figure 10. It is worth noting that for metallic
systems of low corrosion rates, or systems having
passivation behavior, the increase in active sites of the
surface led to an increase in corrosion resistance.[53,54]

The passive layer will preferentially grow at the active
sites present on the surface. Accordingly, for the
RD-ND surface in which some grains have their high
energy 11�20

� �
plane parallel to the exposed surface, a

thicker, denser, and more uniform passive layer is
formed, as shown in Figure 12, which will reduce the
corrosion rate.

V. CONCLUSION

In the present study, the effect of crystallographic
texture on the biocorrosion properties of the bimodal
Ti6Al4V microstructure was investigated. To eliminate
the impact of microstructure on corrosion performance,
the same microstructure was developed on three orthog-
onal surfaces of a rectangular sample through heat
treatment, wherein different crystallographic planes
were placed parallel to different surfaces. A combination
of microstructural examination, macrotexture investiga-
tion, and electrochemical measurements revealed that:

1. The same microstructural characteristics (i.e., aver-
age primary a grain size, a grain size distribution,
and equiaxed a fraction) have been developed in the
RD-TD, TD-ND, and RD-ND surfaces.

2. Applied heat treatment has led to texture transfor-
mation from 11�20||ND fiber texture in as-received
material to 01�12f g�2�243, 01�14f g�23�1�1, and
22�31f g5�4�1�1 components for heat-treated material.

3. From electrochemical measurements, crystallo-
graphic planes that are located in parallel to the
surface have a significant impact on the corrosion
properties of Ti6Al4V alloy in PBS solution. The
0002f g planes exhibit relatively high corrosion

resistance.
4. The 11�20f g planes show superior corrosion resis-

tance in PBS solution. The existence of 11�20f g
planes along with basal planes in parallel to the
RD-ND surface decreased the corrosion rate to 2.2
9 10�5 mm/year.

5. The 10�10f g planes were the most prone to corro-
sion, whereby the TD-ND surface in which many
grains have their 10�10f g planes in parallel to the
surface showed the highest corrosion rate equal to
3.2 9 10�4 mm/year.

Fig. 12—Capacitance values for the barrier layer along with the calculated passive film thicknesses.
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The raw/processed data required to reproduce these
findings cannot be shared at this time as the data also
form part of an ongoing study.
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