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A low cost beta titanium (LCB Ti) alloy with a composition of Ti-6.62Mo-4.53Fe-1.45Al-0.140 was
subjected to solution heat treatment process at two different temperatures, namely 650 °C and 750 °C.
Each heat treated process was followed by ageing at 500 °C for 4 hrs. The obtained microstructures
were studied and their influence on the mechanical and chemical properties of the LCB Ti-alloy was
reported. The Ti alloy that is heat treated at 650 °C (designated here as alloy 1), showed a fine
microstructure with 15% volume fraction of fine continuous o-phase at the p-grains. The
microstructure of the Ti alloy when heat treated at 750 °C (alloy 1) was coarse with 10% of
discontinuous a-phase formed at the B-grains. A high tensile strength of 1492 MPa was obtained for
alloy | due to its fineness microstructure. However, alloy Il recorded a low strength of 1295 MPa due
to its coarse a-f microstructure. The uniform corrosion characteristics of alloys | and 11 was studied in
3.5% NaCl solutions employing Tafel polarization, linear polarization resistance (LPR), and
electrochemical impedance spectroscopy (EIS) techniques. The anodic behavior of these materials was
also assessed adopting potentiodynamic anodic polarization and chronoamperometry measurements.
The corrosion behavior of a spring steel alloy was also included for comparison. Alloy Il recorded the
highest (superior) corrosion resistance among the tested alloys. Microstructure features and
spontaneous passivation of alloys I and Il were used to account for their high corrosion resistance, as
compared with spring steel.
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1. INTRODUCTION

The non-aerospace use of titanium alloys such as suspension springs for automobiles and
medical implants has become increasingly popular over the last 20 years due to their light weight, high
ductility and high strength in conjunction with excellent corrosion resistance and outstanding
biocompatibility [1-3]. Titanium alloys are normally classified by their structure into the groups of
alpha, near-alpha, alpha-beta, metastable beta and beta alloys. Titanium alloys can also be classified
based on the value of Al and Mo equivalent parameters. Al-equivalent value indicates the capacity of
the alloy to obtain a given hardness, whereas the Mo-equivalent value indicates the capacity to obtain
ultimate tensile strength and hardness in the aged condition [4-6].

In automotive industry, low cost beta (LCB) titanium alloy has been used in manufacturing
suspension springs due to its low weight and high corrosion resistance [7, 8]. The main chemical
composition of the LCB titanium alloy is (Ti-6.8Mo-4.5Fe-1.5Al). The low cost of LCB Ti-alloy
compared to other Ti alloys is due to using an inexpensive Fe-Mo master alloy which is widely used in
steel industry [9, 10]. This composition contains some elements forming beta phase such as Mo and Fe
and also other forming alpha phase as Al. The advantages of existing § phase in Ti-alloys are excellent
workability, good hardening ability, corrosion resistance and excellent fatigue/crack propagation
behavior. On the other hand, the presence of the alpha phase in the microstructure of the LCB Ti-alloys
can be characterized generally by high creep resistance that is superior to these alloys, and is preferred
for high-temperature applications. LCB Ti-alloy with the composition of Ti-6.8Mo-4.5Fe-1.5Al is
designed to achieve beta phase stability at room temperature with the least amount of expensive
alloying elements, thus conferring a cost advantage compared with other beta alloys [11-13]. By
applying solution treatment and ageing, some a-phase will precipitate at the grain boundaries and fine
secondary a-phase will precipitate inside the grains [14-16].

The mechanical properties of titanium alloys are influenced by individual properties of a and
phases, their arrangement and volume fraction. For example, the a-phase has lower density than the -
phase due to the fact that the predominant element Al in a-phase has lower density than the
predominant elements of Mo or V in B-phase. The density value of B-titanium alloys is about 4.5 glcm®
[17].LCB Ti-alloy has been found to have a good mechanical properties, such as high strength
(UTS=1350 MPa), yield strength (YS=900 MPa) and good ductility (total elongation = 18%) [18, 19].

Therefore, this work aims at enhancing the tribological properties and corrosion behavior of the
LCB alloy under investigation without evoking a loss of the main mechanical properties by applying
solution treatment and ageing processes. Additionally, the effect of solution temperature on
microstructure and then on mechanical and chemical properties will be also focused on. It was also the
purpose of this work to assess the corrosion behavior (uniform corrosion and anodic processes) of the
tested LCB Ti-alloy under the influence of the temperature (650 °C and 750 °C) of the solution heat
treatment process, in a comparison with a spring steel alloy. Measurements were conducted in an
aqueous corrosive medium (naturally aerated non-stirred 3.5 % NaCl solutions) employing various
electrochemical and corrosion montoring techniques. These include Tafel extrapolation, linear
polarization resistance (LPR) and impedance methods for uniform corrosion studies, complemented
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with SEM examinations. Potentiodynamic anodic polarization and chronoamperometry measurements
were used to assess the anodic behavior of such alloys.

2. EXPERIMENTAL WORK

The LCB material employed here was prepared by melting in a vacuum induction furnace as
bars with 30 mm diameter and 300 mm long. Then the cast bars hot forged at a temperature of 760 °C,
in the range of a+p zone, to reduce the diameter into 10 mm. The nominal composition of the
investigated LCB titanium alloy is Ti-1.45Al-6.62Mo0-4.53Fe-0.140. The samples were solution
treated below the beta transus at two different temperature, namely 750 °C and 650 °C for 30 min. (in
the a-P phase field) and then quenched in water in order to retain the B-phase at room temperature in a
metastable state. After solution treatment, ageing treatment was conducted at a constant temperature of
500 °C for 4 hrs. The microstructure of heat-treated specimens were prepared using the standard
metallographic techniques, and etched using Kroll’s reagent containing 10 mL HF, 5 mL HNOg3 and 85
mL water. The specimens were then examined with a scanning electron microscopy (SEM).

In order to observe the influence of using two different solution temperatures, mechanical and
chemical tests were performed on the samples. Vickers hardness tester with a load of 10 Kg was used
to evaluate the hardness of the investigated samples. Tensile test was performed on threaded
cylindrical specimens having a gage length and diameter of 20 mm and 4 mm, respectively. The tensile
test was performed at room temperature and also at a high temperature of 600 °C. Pin-on-ring test rig
was used to evaluate the wear behavior of the investigated LCB titanium alloy at room temperature.
The test sample dimension was 8-mm in diameter and 12-mm long in which it was pressed against a
rotated ring made of hard stainless steel with a surface hardness of 63 HRC and 0.2 pum surface
roughness. Prior to the wear test, the surface of the rotated ring was ground with a 1000-grit emery
paper. The sliding speed was 1 m/s which was equivalent to 265 rpm, and the sliding time was 30 min.
The applied load was selected to be 100, 200, 300, 400, and 500 g. The surface morphology of some
selected samples was investigated by stereo and optical microscopes to determine the wear mechanism
in each case. Before wear test the weight of specimen was taken accurately using an electronic balance
with an accuracy of 0.001 g. After the test, the sample was taken out carefully so that the debris’s were
removed from the valleys of the specimen and exact wear materials can be measured. Once again
weight was taken carefully using the above balance and the difference in weight was calculated. All
the above tests and measurements were carried out at least three times under identical conditions to
make sure the reliability of the data, which was found to be so good, and the mean values were
calculated and reported.

For electrochemical measurements, sheets of dimensions (0.7 cm) x (1.5 cm) x (0.25 cm;
thickness) were cut from the coupons of the employed alloys. Prior to electrochemical measurements,
all sides of the sheets were isolated to offer an active flat rectangular shaped surface of (0.7 x 0.25 =
0.175 cm?), immersed into the test solution. Open-circuit potential (Eoc) of the tested samples is
monitored up to 3 hrs of immersion in the corrosive medium (3.5% NacCl solution). The results were
measured using an Autolab frequency response analyzer (FRA) coupled to an Autolab PGSTAT30
potentiostat/galvanostat with FRA2 module connected to a personal computer, in a three-electrode
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standard cell system of capacity 100 mL. This cell contains three compartments for working, platinum
spiral counter and reference electrodes. A Luggin—Haber capillary was also included in the design. The
reference electrode was a saturated calomel electrode (SCE), and used directly in contact with the
working solution. The measurements were carried out in naturally aerated solutions at 25 °C (£1 C).
The temperature is maintained constant at the room temperature using a water thermostat.

Linear polarization resistance (LPR), Tafel plots, ac impedance measurements are the
electrochemical techniques employed in the present work to assess the uniform corrosion
characteristics of the tested alloys. The LPR curves were recorded in the potential range of -20 to +20
mV with respect to Eoc at a scan rate of 0.2 mV s™. The potentiodynamic polarization curves were
recorded in a potential window of -0.25 to 0.25 V vs. Eco at a scan rate of 1.0 mV s, Electrochemical
impedance measurements were carried out at Ecor in the frequency range 100 kHz—10 mHz with an
amplitude of 5 mV. Before each run, the open circuit potential of the working electrode was measured
as a function of time during 3 h to attain steady state. The order of performing electrochemical
measurements was: (i) Chronopotentiometry (zero current); Eoc vs. time (up to 3 h), followed by (ii)
LPR technique (Ecorr £ 20 mV; Ecorr ~ Steady-state potential in the Eoc vs. time plots), followed by (iii)
impedance measurements at Ecqr, and finally (iv) Tafel polarization (Ecorr £ 250 mV). As the later (i.e.,
Tafel polarization) is a destructive technique, the cell is cleaned, the test solution is replaced by a fresh
one, and a cleaned set of electrodes was used for studying the anodic behavior of the tested alloys
based on potentiodynamic anodic polarization and chronoamperometry techniques.

The potentiodynamic anodic polarization curves were recorded by changing the electrode
potential automatically towards the anodic direction starting from -2.0 V(SCE) up to +2 V(SCE) at a
potential scan rate of 1.0 mV s™. The polarization plots were recorded as log current density (log j)
against potential (E), after an open circuit stabilization of 3 h. Chronoamperometric measurements
were carried out using a two step procedure, namely: the working electrode was first held at the
starting potential for 60s to attain a reproducible electroreduced electrode surface. Then the electrode
was held at constant anodic potential (E,), where the anodic current was recorded as a function of time.

At least three separate experiments were carried out for each run to ensure reproducibility of
results. The reproducibility of all employed electrochemical measurements was good. This good
reproducibility was expected since a protracted immersion period (3 h) was undertaken to achieve a
steady corrosion potential. However, it is important to point out that the various parameters obtained
from these measurements are the mean values from the three independent experiments performed. The
mean value and standard deviation of the results were calculated and reported.

The morphologies of the corroded surfaces of the tested alloys were examined by an Analytical
Scanning Electron Microscope JEOL JSM 6390 LA. The compositions of such surfaces were
determined using ZAF software to quantify the energy-dispersive X-ray spectroscopy (EDS) spectra
obtained by an EDS attachment (JEOL EDS EX-54175JMU) on the JEOL SEM.

3. RESULTS AND DISCUSSION

For the sake of simplicity, the samples of the tested LCB Ti- alloy are designated here as alloys
I and Il, depending upon the temperature of the solution heat treatment process. Alloys I and 1l stand
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for LCP Ti alloy subjected to a solution heat treatment process at 650 °C and 750 °C, respectively. In
each case, the solution heat treatment process is followed by ageing at 500 °C for 4 hrs.

3.1. Microstructure and mechanical properties
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Figure 1. Microstructures of alloys I (images a) and 11 (images b).

Solution treatment process, which applied at temperature range below the P transus, as in the
present study, maintains a microstructure with fine grains [4, 9, 19]. Consequently, this fine a-f
structure provides a desirable combination of strength and ductility as well as wear property. The
microstructures of alloys I and Il are shown in Fig. 1. The microstructure of alloy | showed fine
equiaxed f-grain structure with almost needle-like morphology of 15% primary a-phase, as shown in
Fig. 1(images a; and a). Alloy 11 showed the same feature of microstructure, but with lower amount (~
10%) of the needle-like primary a-phase, Fig. 1 (images b; and by). The primary a-phase lies at the
boundaries of p-grains and located also at the triple points of the S-grains. The p-grain size is
approximately 10-15 pum. The slight differences of the primary « grain size, distribution, and shape are
related to the difference in the temperature of the solution heat treatment process. Some of the primary
a-phase existing in the matrix of alloy Il seems to be almost round compared to that of alloy I. For
alloy I, the a-phase seems to be continuous at the S-grains. However, this a-phase seems to be
discontinuous in the case of alloy Il. Moreover, some other secondary « fine particles are precipitated
inside the S-grains. These secondary a fine particles precipitated as a result of the applied ageing
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process at 500 °C. Azimzadeh and Clement [3,20] reported that very fine w-particles can precipitate
after ageing in a temperature range of 390 °C to 460 °C. These w-particles are acting as a nucleation
site for the a-phase. We did not observe the w-particles here, as the ageing process was applied at 500
°C. Therefore, the precipitation of a-phase has occurred in the absence of ® via heterogeneous
nucleation mechanism [2]. In such case, the grain boundary a nucleation becomes increasingly
important, as it can effectively control the precipitation process [20].
The a-phase of alloys | and 11 was analyzed using EDX to demonstrate the influence of the
temperature of the solution heat treatment process on the element contents existing in that phase,
inspect Fig. 2 and Table 1. Such analysis revealed that the Al content (mass, %) in the o phase of alloy
| is higher than its content in alloy Il. This can be explained on the basis that the higher solution
temperature of 750 °C dissolved more Al-content as compared to the lower solution temperature of
650 °C. This amount of dissolved Al precipitates in the a-phase. This is because Al is considered as a-
stabilizer element [21]. Meanwhile, Fe and Mo amounts in o phase decreased at 750 °C compared to
the samples solution treated at 650 °C, because these elements (Fe and Mo) are considered B-stabilizer
elements [22]. By increasing the solution temperature, more Fe and Mo are precipitated in the f-phase
rather than the a-phase. This in turn decreased the mass amount of Fe and Mo in the a-phase, and
subsequently their content in the B-phase (the matrix) is increased. Hence the B-t0-o transformation
could be considered as a displacive transformation. Subsequently, a change in the chemical
composition of the a and B phases takes place as a result of increasing the temperature of the solution
heat treatment process from 650 °C to 750 °C. This change in chemical composition has occurred via
migration of interstitial and substitutional atoms as in classical diffusion transformation [3].
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Figure 2. EDX Analysis of the a-phase of alloys | (upper) and Il (lower).
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Table 1. Amounts of Al, Fe, Mo, and Ti in the a-phase existing in the matrix of alloys I and II.

Tested alloy | Element | Mass% | Atom%
Al 141 2.61
Fe 5.76 5.15
Alloy | Mo 8.78 4.57
Ti 84.05 87.67
Al 1.68 3.08
Fe 5.17 4.59
Alloy Il Mo 7.91 4.09
Ti 85.24 88.24

It is worth well known that the microstructure state of a-f strongly influences the mechanical
properties of the investigated samples. The mechanical properties of the studied LCB alloy can be
directly related to the state of a-precipitates in the microstructure. The amount of a-precipitates
existing in the microstructure coincides well with the hardness values in both solution treatments,
namely 650 °C and 750 °C. Alloy I recorded a hardness value of 455 HV, which is higher than that
measured for alloy Il (412 HV). This increased hardness of alloy | can be related to its high amount of
a-precipitates as compared to the alloy Il. The influence of solution temperature on tensile strength of
alloys I and Il was also studied at room temperature (RT) as well as at a high temperature of 600 °C.
The obtained results showed that, for testing at RT, the tensile strength of alloy | (1492 MPa) is
considerably higher than that of alloy 11, 1295 MPa. This remarkable difference (197 MPa) in the
tensile strength is attributed to the higher volume fraction (Vi) of the primary a-phase, secondary fine
a-precipitates in the B-matrix as well as the fineness of the microstructure of alloy 1. The same
behavior was also noticed for the samples tested at 600 °C, where alloy I recorded a tensile strength of
465 MPa and alloy 1l measured 387 MPa. For all tensile testing samples, the yield strength was slightly
lower than the tensile strength [10]. This could be backed to the highly dislocation density inside the
structure of the samples that resulted from the mechanical deformation during their fabrication
processes. In addition, the presence of secondary fine o-precipitates in the B-matrix will also
approximate the yield strength to the tensile strength. These factors will decrease the plasticity inside
the materials. These are the reasons why the values of the yield strength of alloys I and 11 are slightly
lower than those of the tensile strength.

To assess the wear of self-mated LCB titanium in simple sliding applications, it is decided to
test the metal-to-metal wear characteristics of the investigated solution treated and aged LCB titanium
alloy against a hardened stainless ring. Figure 3 shows the relationship between the weight loss and the
applied load for alloys I and Il. For both alloys, the weight loss increases gradually when the testing
applied load increases from 100 to 500 g. This could be explained by the phenomenon that the
metastable B-phase can deform locally during the wear test through strain-induced transformation,
which enhances with the applied load [23]. Such plastic deformation is effective to maintain ductility
at high applied loads, which in turn increases the weight loss [23]. It is also clear in Fig. 3 that the
weight loss of alloy | is lower than that of alloy 1.
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Figure 3. Weight loss vs. applied load of alloys I and 1.

On the other hand, hardness and microstructure constituents play an important role in
determining the weight loss of the studied samples. For alloy I, the microstructure contains high V; of
the a-phase as well as fine secondary a-phase compared to alloy Il [24]. It is also reported that the
wear resistance of materials is determined by both strength or hardness and ductility, as described by
the empirical equation of Archard, Eq. (1):

W =K (P/H) 1)

where W is the wear rate, P is the applied load, H is the hardness of materials, and K is a pre-
factor related to the ductility of materials [25]. According to Eg. (1), the weight loss of alloy I is lower
than that of alloy I1, confirming the results of Fig. 4, because of the high hardness and strength of the
former as compared to the later.

In order to determine the underlying mechanisms of wear, morphologies of wear scars on
different samples were examined by the optical microscope. It was noticed that the wear scars of alloys
I and Il have almost similar features; the reason why we only selected alloy | for that study. Fig. 4
represents the morphologies of wear scar of alloy | as a function of the applied loads (100-500 g). It
can be seen that the morphologies of the wear tracks are almost similar, exhibiting deep scratches and
grooves. The cross section area of wear scar over the samples increases with the applied load. These
worn surface features are in agreement with the results obtained in Fig. 3, where the weight loss is
found to enhance with the applied load due to increasing the shear stress between the two matting
sliding surfaces (sample and rotating ring).
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Figure 4. Optical macrographs of the wear scars at different applied loads for alloy 1.

Figure 5. Worn surfaces at different applied loads for alloy I.

As shown in Fig. 5-a, the worn surface of the samples tested at low load of 100 g shows only
scratches. These scratches become deeper with increasing the applied load up to 300 g. Also,
delamination of wear debris started to appear over the worn surface, Fig. 5-b. By increasing the applied
load further (500 g), the worn surface was covered with wear debris and the scratches became deeper,
Fig. 5-c.
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3.2. Electrochemical studies

It is also proposed in this work to study the corrosion behavior of alloys | and Il in 3.5% NaCl
solutions. As a reference point, the corrosion behavior of spring steel is also included. The spring steel
has been selected as a reference because both alloys (LCB Ti and spring steel) are used in
manufacturing suspension springs for automotive industry.

3.2.1. Uniform corrosion studies

3.2.1.1. Monitoring open-circuit potential

The open-circuit potential (OCP) of alloys I and Il was monitored during 3h of immersion in
aerated non-stirred 3.5% NaCl solution at 25 °C, Fig. 6. The objective is to achieve a stable value and
define domains of corrosion [26]. It is seen for the steel electrode (curve 1) that the potential changed
quickly towards more negative values, as shown in the inset of Fig. 6. This indicates the initial
dissolution process of the pre-immersion, air formed oxide film and the attack on the bare metal [27].
A steady potential was readily attained, corresponding to the free corrosion potential (Ecor) Of the
metal, as evidenced from polarization studies (see later). The open-circuit corrosion behavior of alloys
I 'and Il (curves 2 and 3) is completely different from that of the spring steel alloy (curve 1). There is a
general tendency for alloys | and Il to passivate, and the extent of their passivation depends upon the
temperature of the solution heat treatment process. For alloy |, which is heat treated at 650 °C, the rest
potential is first shifted to the less negative values reaching a maximum at a certain time then declined
to a reasonably steady value, as clearly seen in the inset of Fig. 6.

This trend indicated the occurrence of two counter-acting processes. The first process is
passivation, which in turn impedes adsorption of CI" and the dissolution of the oxide film, and
consequently delayed-action corrosion occurred shifting the OCP to nobler values. The second process
is corrosion, which dragged the potential back towards active values. The competition between these
two counter-acting processes may explain the appearance of an arrest in curve 2. These results indicate
that the solution heat treatment process of the tested LCB Ti alloy at 650 ‘C, designated here as alloy I,
is not enough to ensure permanent passivation. On the other hand, alloy 11, that is subjected to solution
heat treatment process at 750 'C (curve 3), exhibited an obvious passivation; the rest potential moves
towards the nobler direction reaching steady-state without any declining to negative values (active
direction). These results mean that solution treatment of the LCB-Ti alloy at 750 ‘C, yielding alloy I,
can ensure efficient passivation. SEM examinations, Fig. 7, came to the same conclusion and revealed
that the surface of the spring steel electrode, Fig. 7(a), exhibited the highest susceptibility towards
pitting corrosion (appeared as circular shallow pits). The surfaces of alloys 1 and 11 (images (b) and (c),
respectively) are almost free from pitting attack. Therefore, we draw a conclusion that the solution heat
treated LCB-Ti alloy has much higher corrosion resistance than the spring steel.
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Figure 6. Open-circuit potential (OCP) vs time measurements recorded for the three tested alloys in
3.5% NaCl solution at 25 °C. (1) Spring steel; (2) alloy I; (3) alloy IL.
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Figure 7. SEM images captured after 3h of sample immersion in non-stirred naturally aerated 3.5%
NaCl solutions at 25 °C. (a) spring steel alloy, (b) alloy I, and (c) alloy .
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The high corrosion resistance of alloy Il, as compared with alloy I, can be interpreted on the
basis that elevating the temperature of the solution treatment process from 650 (alloy 1) to 750 °C
(alloy 1) decreases the volume fraction (Vs) of the o phase, that precipitated in the B matrix, revisit
Fig. 1. This in turn decreases the rate of corrosion due to the local galvanic cell between o and
phases in case of alloy Il than in alloy I. Therefore, it can be concluded that the corrosion rate of alloy
I1 (750 °C) is lower than that of alloy I (650 °C) due to the lower V; of the a phase in the former alloy
than in the latter one.

3.2.1.2. Polarization studies

The uniform corrosion responses of the studied alloys were also established on the basis of
Tafel polarization measurements that performed in aerated non-stirred 3.5% NaCl solutions at a scan
rate of 1.0 mV s at 25 °C. The obtained cathodic and anodic polarization curves are depicted in Fig. 8.
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Figure 8. Cathodic and anodic polarization plots recorded for (1) spring steel, (2) alloy I, and (3) alloy
Il. Measurements were conducted in non-stirred naturally aerated 3.5% NaCl solutions at a
scan rate of 1.0 mV s at 25 °C.

Table 2 presents for each tested alloy the various electrochemical corrosion parameters
associated with the employed polarization measurements. Such parameters were calculated on the
basis of potentiodynamic potential-current characteristics in the Tafel potential region (E = E¢or £ 250
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mV), Fig. 8, and in the vicinity of the corrosion potential (E = Ecor £ 20 mV), namely linear
polarization resistance (LPR) measurements, Fig. 9.

Table 2. Mean value (standard deviation) of the electrochemical kinetic parameters, derived from
Tafel polarization and LPR measurements, recorded for spring steel and alloys | and II.
Measurements were conducted in non-stirred naturally aerated 3.5% NaCl solutions at a scan
rate of 1.0 mV s™ at 25 °C.

Tested alloy Tafel polarization LPR method
‘Ecorr / ‘ﬁc / ﬂa / jcorr / Rp / jcorr /
mV(SCE) | mV dec! | mV dec? mA cm™ Q cm? mA cm™
Alloy | 822(9.4) | 380(3.6) | 180(1.9) | 2(0.03)x 107 | 2411() | 2.2(0.04) x 10
Alloy 1l 622(6.8) | 290(2.8) | 330(3.2) | 5.9(0.1) x 10 | 121861() | 5.5(0.07) x 10~
Spring steel | 1050(11.6) | 180(2.2) | 270(2.9) | 6.61(0.14) 7.41() 6.33(0.12)

Figure 8 reveals that the profile of the Tafel plots, particularly in the location of Ecor and in the
magnitudes of the overpotentials of both the anodic and cathodic processes, change according to the
type of the tested alloy. While the spring steel alloy exhibited the lowest anodic and catholic
overpotentials (and hence higher rates of corrosion), alloy Il recorded the highest overpotentials for
both the anodic and cathodic processes. Moderate values are measured for alloy I. This is quite clear
from the data of Table 2. Spring steel alloy recorded a jeorr Value of 6.61 mA cm™, which is 330 times
greater than that recorded for alloy | (2 x 102 mA cm™) and more than 11,000 times greater than that
measured for alloy 11 (5.9 x 10 mA cm™), demonstrating the high corrosion resistance of alloy II.
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Figure 9. Plots of linear polarization resistance (LPR) measurements recorded for (1) spring steel, (2)
alloy I, and (3) alloy Il. Measurements were conducted in non-stirred naturally aerated 3.5%
NaCl solutions at a scan rate of 0.2 mV s™ at 25 °C.
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Referring to LPR measurements, Fig. 9, slopes from such linear plots show the polarization
resistance Ry, defined as the tangent of a polarization curve at Ecorr [28].

Rp = (dE/dj)E:Ecorr (2)

Table 2 also presents the values of R, for the three tested alloys. Values of the anodic and
catholic Tafel slopes, £, and S, obtained from the analysis of the Tafel plots (Fig. 8 and Table 2),
together with the values of R, obtained from LPR method (Fig. 9 and Table 2) are introduced in Stern-
Geary equation [29] to get accurate values for jeorr.

Jeorr = BIRp = {fa fc 12.303(Ba + Bc)} | Rp (3)

Results are also presented in Table 2. Obviously, a good agreement exists between the values
of jeorr evaluated from the Tafel extrapolation method and those calculated from the LPR method. Here
again, alloys I and 1l recorded R, values that are much higher than that measured for the spring steel
alloy. Generally, the increase in the R, value suggests that the corrosion rate is decreased,
corresponding to improved corrosion resistance. As clearly seen in Table 2, alloy Il recorded R, value
of (121861 Q cm?), which is 50 time greater than that of alloy I (2411 Q ¢cm?) and more than 1600
times greater than that measured for the spring steel alloy (7.41 Q cm?). These findings support the
highest (superior) corrosion resistance of alloy 1.

Further inspection of Table 1 reveals that the Tafel slopes, particularly the values of g,
measured for alloys 1 and 11 (380 and 290 mV dec™) are greater than that of the spring steel electrode,
180 mV dec™. Almost similar results were previously obtained by M. Metikos-Hukovi¢ et al. [30], and
very recently by our research group [31] during Al corrosion inhibition studies in perchloric acid
solutions. Such higher values of B. can be attributed to the spontaneous passivation of Ti and
subsequent formation of a stable, substantially inert oxide film [30,31]. This passive film limits the
reducing ability of Ti [32] and hence retards the reduction process at the surface by affecting the
energetics of the reaction at the double layer, by imposing a barrier to charge transfer through the film,
or both. The barrier-film model was a consistent way of explaining the high Tafel slopes for the HER
observed [33].

3.4. Electrochemical Impedance Spectroscopy Measurements

To gain more insight on the kinetics of the electrode processes and surface properties of the
investigated alloys (alloys | and II), impedance measurements were carried out for each alloy at its
Ecor. The impedance response of spring steel was also included for comparison. The obtained
impedance data are shown in Fig. 10. In all cases, the impedance plots exhibit a single depressed
capacitive loop, the diameter of which varies significantly according to the type of the tested alloy. The
corresponding Bode plots (not shown here) also suggest a one-time constant process. This capacitive
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loop can be related to the combination of the charge-transfer resistance (R.;) of the corrosion process
and the corresponding capacitance (Cqj) at the electrode-electrolyte interface [34].

The depressed nature of these capacitive loops, caused by the generation of micro-roughness at
the surface during the corrosion process [35,36], is confirmed from their mathematical analysis. Such
analysis revealed that the center of the two capacitive loops lies below the real axis. In addition, the
slopes of the log |Z| against log f plots (not included here) are not —1. To describe this response
properly, a constant phase element, CPE, was used whose impedance, Zcpg, IS given by the expression

[30,37]:
Zcre = QM (joo)" (4)

where Q is the CPE constant (a proportional factor), o the angular frequency (in rad s?), j? = -1
the imaginary number and n is the CPE exponent. The factor n is an adjustable parameter that usually
lies between 0.50 and 1.0 [35].Values of n are usually related to the roughness of the electrode surface.
The smaller value of n, the higher the surface roughness [35,36].
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Figure 10. Complex-plane impedance plots recorded for (1) spring steel, (2) alloy I, and (3) alloy II.
Measurements were conducted in non-stirred naturally aerated 3.5% NaCl solutions at the

respective Eqor at 25 °C.
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Based on this, the CPE describes an ideal capacitor when n = 1. The value of Cy can be
calculated for a parallel circuit consists of a CPE(Q) and a resistor (R¢), according to the following
formula [38]:

Q = (CRw)"/ Ret (5)

To determine the value of each impedance parameter described above, the measured impedance
data were simulated using nonlinear-least square fitting analysis (NLS) software, based upon the
electric equivalent circuit given in the inset of Fig. 11.

Q

R

ct

Figure 11. The equivalent circuit used to simulate the experimental impedance data.

A good fit with this model was obtained with our experimental data. It is observed that the
fitted data match the experimental, with an average error of about 3-5%. The symbols in all impedance
plots represent the experimental data, while the solid lines represent the best fits. The obtained fitting
parameters are presented in Table 3.

Table 3. Mean value (standard deviation) of the electrochemical impedance parameters recorded for
alloys I and 11, in a comparison with spring steel. Measurements were conducted in non-stirred
naturally aerated 3.5% NaCl solutions at the respective Eco at 25 °C.

Tested Re/ Ret / Q/ n Cal
alloy Q cm® Q cm® S"(w™! cm?) uF cm™
Alloy | 2.24(0.05) | 2386(25.7) | 8.13(0.09) | 092 | 5.77(0.08)
Alloy 11 2.38(0.7) | 121498(51) | 1.97(0.04) | 0.96 |  1.86(0.05)
Spring steel | 2.16(0.06) | 7.99(0.12) | 220.86(3.6) | 0.81 | _ 49.92(0.7)

It follows that alloys I and 11 exhibit much higher impedance (Re; = 2386 Q cm? and 121498 Q
cm? for alloys | and 11, respectively) than the spring steel alloy (Rt = 7.99 Q cm?). The significantly
increased impedance (121498 Q cm?) recorded for alloy 11 afforded markedly slower charge-transfer
(corrosion delay) process that occurred on the surface of such alloy. This in turn resulted in a higher
semi-circle diameter which means an increase of the charge transfer resistance at electrode surface.
The reverse is true for the spring steel, which exhibited the lowest Ry value (7.99 ©Q cm?). On the
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contrary, the smallest capacitance value (Q = 1.97 S"(w™ cm™) and C = 1.86 uF cm™) was measured
for alloy 11, demonstrating its high corrosion resistance. Further inspection of Table 3 reveals that a
good agreement between the values of R, calculated from EIS measurements with those derived from
the LPR method (Table 2).

3.2.2. Anodic behavior

3.2.2.1. Potentiodynamic anodic polarization measurements

As previously shown, Tafel plots (Fig.8) provided us with general corrosion rate information of
the three tested alloys with a relatively narrow potential range, 500 mV. The amount of information
obtained from electrochemical corrosion measurements increased, as wider polarization potential
ranges are used to generate the data. Potentiodynamic anodic polarization measurements are generated
here with a wider potential range of 4000 mV, and provide additional information concerning
corrosion kinetics and passivity of the tested alloys. Figure 12 shows the potentiodynamic anodic
polarization curves recorded for the three tested alloys in 3.5% NaCl solutions at a scan rate of 1.0 mV

st

E / V(SCE)

log (j/ A cm?)

Figure 12. Potentiodynamic anodic polarization curves recorded for (1) spring steel, (2) alloy I, and
(3) alloy Il. Measurements were conducted in non-stirred naturally aerated 3.5% NaCl
solutions at a scan rate of 1.0 mV s™ at 25 °C.
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It can be seen that on positive going scan, the cathodic current density decreases gradually
reaching its lowest value at Ecor. The values of Ecor Obtained from Fig. 13 are almost close to those
obtained from the both the free corrosion behavior (Eoc vs. time measurements, Fig. 6) and Tafel
polarization measurements, Fig. 8. The anodic excursion span of the spring steel electrode (curve 1)
exhibits an active dissolution region near E.,, due to the anodic dissolution of the spring steel. This
active dissolution region doesn’t exist in the polarization curves of alloys | and Il, denoting high
corrosion resistance due to spontaneous passivation.

Beyond Ec.r, @ Wide passive region forms, the current of which depends on the type of the
tested alloy. Passivity of alloys | and Il (curves 2 and 3) originate from the formation of corrosion
products and/or metal oxides layers on the alloy surface. Such layers possess some protective influence
and reduce the active dissolution of the alloy (passivation). These results demonstrate that the oxide
film is stable in this range of potential, and accordingly a very low current (designated here as the
passive current, jpass) results. Passivity persists as the potential is increased till the end of the run, where
the rate of passive film formation equals that rate of its dissolution so that the oxide film hardly grows
[39-43].

Further inspection of Fig. 12 demonstrates that the value of j,ass, at any given potential within
the region of passivity, of alloy Il is much lower than that for alloy I, confirming the high corrosion
resistance of alloy Il compared with alloy I. The situation is different for the spring steel alloy (curve
1), which exhibited extremely low corrosion resistance compared with alloys | and I, where the anodic
current obviously enhances with the applied anodic potential. These findings reflect the weakness and
thinning of the passive film promoted by the adsorption of CI” anions and their subsequent aggressive
attack. It is commonly accepted in the literature [39-42] that the increase in the applied anodic
potential enhances the adsorption process of Cl” anions. The increase in potential increases the electric
field across the passive film, which in turn catalyzes the adsorption of aggressive anions. These results
indicate that the passive films and/or the corrosion products formed on the surface of the spring steel
alloy do not provide efficient protection for the substrate alloy. This makes the alloy dissolution
continues. The results obtained from such anodic polarization measurements go parallel with the
experimental findings of the uniform corrosion measurements, Figs. 6-10, presenting alloy Il for us as
the most corrosion resistant among the tested ones.

To further confirm the above results and gain more insight on the kinetics of the passive layer
growth as well as its thinning and subsequent weakness due to the aggressive attack of CI anions,
chronoamperometry measurements were performed, as shown in Fig. 13. For alloys I and Il (curves 2
and 3), the anodic current (j,) first decreases, denoting the passive layer growth. This decay in j, varies
according to the type of the tested alloy (see later). Following this decay, j, reaches a steady-state
value, designated here as jss (also refer to jpass). Once the steady state is attained (jss), the rates of the
passive layer growth and its dissolution (these two processes are assumed to occur independently on
the entire electrode surface [41]) are balanced, so that the oxide film hardly grows and a constant
passive current results, that is termed jss in Fig. 12 and jpass in Fig. 12. Intense inspection of the inset of
Fig. 14 shows that the rate of j, decay, and hence the passivation rate, of alloy Il is much higher than
that of alloy 1. This indicates that alloy Il tends to passivate in these solutions much faster than alloy I.
This adds another evidence for the superior corrosion resistance of alloy Il as compared with alloy 1.
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Here again, the low corrosion resistance of the spring steel alloy is confirmed from the growth of
current with time, curve 1.
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Figure 13. Chronoamperometry measurements recorded for (1) spring steel, (2) alloy I, and (3) alloy
I1. Measurements were conducted in non-stirred naturally aerated 3.5% NaCl solutions at an
applied anodic potential of +0.5 V(SCE) at 25 °C.

4. CONCLUSIONS

o The studied LCB Ti-alloy showed finer a- structure when solution heat treated at 650
°C than when it is subjected to a solution heat treatment process at 750 °C.
o 15% continuous primary a-phase was formed at the B-grains in the samples solution

treated at 650 °C, while 10% discontinuous a-phase was formed at the B-grains in the samples treated
at 750 °C.

o Higher hardness (455 HV) and strength (1492 MPa) were obtained for the samples
treated at 650 °C as compared to the others treated at 750 °C (412 HV and 1295 MPa).

o For both solution temperatures, the weight loss increases with increasing the strain-
induced transformation of meta-stable p-phase and also increasing the shear stress over the worn
surface during the wear test.

o The samples solution treated at 650 °C showed lower weight loss compared to the
others treated at 750 °C due to the high hardness and strength.
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o The solution heat treated samples of the LCB Ti-alloy exhibited corrosion resistance
that is significantly higher than that of the spring steel alloy.
o The samples solution treated at 750 °C recorded corrosion resistance much higher than

that of the samples treated at 650 °C.
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