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ABSTRACT

The influence of (E)-1-(2,4-dinitrophenyl)-2-[1-(2-nitrophenyl) ethylidene] hydrazine (DNPH) on the
corrosion of weld aged maraging steel in 0.5 M sulfuric acid medium was investigated by Tafel
polarization curve and Electrochemical impedance spectroscopy (EIS) at different temperatures by
varying the inhibitor concentrations. The results showed that the presence of DNPH hinders the rate
of corrosion without altering the mechanism of anodic and cathodic reactions. The impedance
parameters, such as charge transfer resistance (R.), double layer capacitance (Cy), film capacitance
(Cy) and film resistance (Ry) were extracted from Nyquist plot, they ensure the formation of protective
film on the metal surface. DNPH act as a mixed type inhibitor without altering the mechanism of the
hydrogen evolution reaction or metal dissolution. Scanning electron microscopy (SEM) and Energy
dispersive X-ray spectroscopy (EDS) also confirms the formation of an adsorbed protective film on

the metal surface.
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INTRODUCTION

Maraging steel has gained more attention due to high strength and excellent fracture toughness [1].
The alloy is a low carbon steel that typically contain about 18 wt % Nickel, significant amount of
Molybdenum, Cobalt and Titanium. The composition of the alloy can be altered based on the
requirement and applications. Strength of the maraging steel can be increased by aging at 400-500°C,
where intermetallics undergo precipitation [2]. Due to the low carbon content maraging steels
possesses higher modulus of elasticity, lower thermal expansion coefficient, moderate toughness,
good weld ability and machinability [3]. Many research reports revealed that maraging steels are
widely used in the military, aircraft, aerospace tooling applications also in the preparation of nuclear
and gas turbines [4-5]. Due to variety of applications and interaction with the corrosive environment,
the corrosion of maraging steel is inevitable. According to Krick et al. maraging steel suffers from
uniform corrosion when it is exposed to open atmosphere [6-7]. Bellanger et al. have studied the
corrosion behavior of maraging steel in radioactive water and reported that reaction intermediates are
responsible for passivation [8].The influence of carbonate ions in slightly basic medium on the
corrosion of maraging steel was studied by Bellanger [9]. Poornima et al. have studied the corrosion
behavior of 18 Ni 250 grade maraging steel in sulfuric acid medium and reported that corrosion rate
of the aged sample is more than annealed sample [7]. Similar observations also have been reported for
the corrosion of 18 Ni 250 grade maraging steel in phosphoric acid medium [10]. The inhibitive
action of 3,4 — dimethoxybenzaldehyde thiosemicarbazone on corrosion of aged maraging steel was
studied by Poornima et al [11]. We have earlier reported the use of 2-(4-Chlorophenyl)-2-oxoethyl
benzoate as an effective inhibitor for weld aged maraging steel in 1.0 M sulfuric acid medium [12].
Employing organic corrosion inhibitors on the metal surface is one of the most cost-effective and
simple method to decrease the corrosion. The most well-known corrosion inhibitors are the
compounds containing oxygen, nitrogen, sulphur, and phosphorus in their functional groups with
aromatic and heterocyclic rings [13]. Majority of these organic compounds are adsorbed on the metal
surface and form a barrier between metal surface and corrosion environment, hence mitigate the rate
of corrosion [14-15]. The present research paper describes the corrosion inhibition behavior of (E)-1-
(2,4-dinitrophenyl)-2-[1-(2-nitrophenyl) ethylidene] hydrazine (DNPH) on the corrosion of maraging
steel in 0.5 M sulfuric acid medium at different temperatures by using Tafel polarization method,
Electrochemical impedance spectroscopy, Scanning electron microscopy (SEM) and Energy
Dispersive X- ray spectroscopy (EDS). The mode of adsorption and the corrosion inhibition
mechanism are also discussed.

MATERIALS AND METHODS

Material: Tests were performed on 18% Ni M250 grade maraging steel under weld aged condition.
The composition of the material is given in table 1. The test coupons were sealed with epoxy resin and
leaving a constant surface area of 0.64 cm® These coupons were polished mechanically using
different grades of abrasive papers and polishing wheel to obtain glossy surface. Finally washed with
distilled water and degreased with acetone before being immersed in the corrosive medium.
Experiments were carried out at different temperatures in the open atmosphere, under unstirred
conditions.

Table 1. Composition of 18 % Ni M250 grade
maraging steel (weight %)

Element | Composition | Element | Composition
C 0.015% Ti 0.3-0.6%
Ni 17-19% Al 0.005-0.15%
Mo 4.6-5.2% Mn 0.1%
Co 7-8.5% P 0.01%
Si 0.1% S 0.01%
O 30 ppm N 30 ppm
H 2.0 ppm Fe Balance
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Medium: Standard solution of 0.5 M sulfuric acid was prepared by mixing analytical reagent grade
sulfuric acid (Merck) and double distilled water. Inhibitive behaviour of DNPH on the corrosion of
weld aged maraging steel in 0.5 M sulfuric acid was studied by adding different concentrations of the
inhibitor into the solution. The tests were carried out at temperatures 30°C, 35°C, 40°C, 45°C and
50°C (0.5 °C), in a calibrated thermostat. The concentration range of DNPH prepared and used in
this study was 0.3 mM -1.5 mM.

Synthesis of (E)-1-(2,4-dinitrophenyl)-2-[1-(2-nitrophenyl) ethylidene] hydrazine (DNPH): The
inhibitor DNPH was synthesized as reported in the literature. A mixture of 2,4-dinitrophenylhydrazine
(0.40 g, 2 mmol), ethanol (10.00 mL), H,SO,4 (98%, 0.50 mL) and 2 Nitroacetophenone (0.27 mL, 2
m mol) was stirred and refluxed for 1 h. On cooling, yellow block-shaped single crystals of (E)-1-
(2,4-DINITROPHENYL)-2-[1-(2-NITROPHENYL) ETHYLIDENE] was obtained [16]. The product
was characterized by elemental analyses, melting point (170-171°C) and infrared spectra. The
synthesis scheme is shown in figure 1.
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Figure 1. Synthesis scheme of (E)-1-(2,4-dinitrophenyl)-2-[1-(2-nitrophenyl) ethylidene] hydrazine (DNPH)

Electrochemical Measurements: Electrochemical measurements were performed by using Gill AC-
ACM instrument. The experimental setup was arranged in such way that saturated calomel electrode
(SCE) used as a reference electrode, platinum as counter-electrode and maraging steel as a working
electrode. Tafel polarization experiments were carried out immediately after the EIS studies on the
same electrode without any further surface treatment.

Tafel Polarization Studies: Nicely polished maraging steel specimen was exposed to the corrosion
medium of 0.5 M sulfuric acid in the presence and absence of the inhibitor at different temperatures
(30 - 50°C) and allowed to attain a steady-state open circuit potential (OCP). The Tafel curves were
recorded by polarizing the metal specimen to -250 mV cathodically and +250 mV anodically with
respect to the OCP at a scan rate of 1 mV s™.

Electrochemical Impedance Spectroscopy Studies (EIS): The electrochemical impedance
measurements were performed in the frequency range of 10 KHz to 0.01 Hz, using Gill AC-ACM
instrument by applying a sinusoidal perturbation of 10 mV. The values of double layer capacitance
(Ca), charge transfer resistance (Rc), film capacitance (Cr) and film resistance (R¢) were extracted
from the Nyquist plot. In all the above measurements, at least three similar results were considered,
and their average values are reported.

Scanning electron microscopic (SEM) and EDS analysis: The SEM images were captured by
using JEOL JSM - 6380LA scanning electron microscope. EDS analysis were performed to identify
the elemental composition on the metal surface in the presence and absence of inhibitor. The exposure
time of the electrode in acid medium for the SEM analysis was 4h.
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RESULTS AND DISCUSSION

Tafel polarization measurement: Tafel polarization curves of weld aged maraging steel in 0.5 M
sulfuric acid solution without and with different concentrations of DNPH at 30°C were shown in
figure 2. Similar plots were gathered at other temperatures also. Electrochemical parameters, such as
corrosion current density (icorr), corrosion potential (Ecor), inhibition efficiency 1 (%), cathodic and
anodic Tafel slopes (b, and b,) calculated from Tafel plots are listed in table 2.
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Figure 2. Tafel polarization curves for the corrosion of weld aged maraging steel in
0.5 M sulphuric acid containing different concentrations of DNPH at 30°C.

The inhibition efficiency was calculated from following equation [17]:

77(0/0) _ Lorr _- Leorr (inh) %100 (1)
ICO"

Where icrr and icomnn are the corrosion current densities obtained in the absence and presence of
inhibitors, respectively. It is very clear from the data shown in Table 2, presence of inhibitor brings
down the corrosion rate significantly. Polarization curves are shifted towards lower current density
region indicating decrease in the corrosion rate (ver). Inhibition efficiency increases with the
increase in DNPH concentration. The higher inhibition efficiency can be attributed to the adsorption
of inhibitor molecule through polar groups as well as through = - electrons of the double bond. There
is no appreciable change in the values of cathodic and anodic Tafel slope (b, & b,) with the increase in
the concentration of the inhibitor. This suggests that metal dissolution and hydrogen evolution
reactions were decreased after the addition of DNPH to the corrosive solution [18-19].The optimum
quantity of the inhibitor is listed in table 2. There is no significant change in the Ecorr values, both the
cathodic and anodic polarization patterns were slightly altered together, this shows inhibitive action of
DNPH on the metal surface. Suppose the change in corrosion potential is higher than + 85 mV with
respect to the corrosion potential of the acid solution, the inhibitor can be considered as either
cathodic or anodic type.

However, the maximum change in this analysis is £20 mV; and therefore, DNPH can be
considered as a mixed type inhibitor [20-21]. The inhibitive property of DNPH can be considered due
to the adsorption and formation of film on the metal surface. The inhibitor layer formed on the metal
surface diminishes the feasibility of both the cathodic and anodic reactions.
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Table 2. Results of Tafel polarization studies for the corrosion of weld aged maraging steel in 0.5 M
sulphuric acid containing different concentrations of DNPH

Temperature |Cr:1$1r|]l§| t?)fr Ecorr ba -be icorr Veorr ]
(°C) (mM) (mV /SCE) | (mV dec™) | (mV dec™?) | (mAcm?) | (mmy™h) | (%)
30 Blank -356 235 268 1.80 20.71 -
0.3 -352 232 263 0.63 7.27 64.9
0.6 -350 226 257 0.50 5.70 72,5
0.9 344 222 253 0.39 4.49 78.3
1.2 -342 219 248 0.26 298 856
1.5 -339 217 247 0.14 1.57 92.4
35 Blank -353 257 276 2.41 27.73 -
0.3 -348 252 273 0.89 10.27  63.0
0.6 -345 246 267 0.71 8.21 70.4
0.9 -340 242 264 0.57 6.59 76.3
1.2 -337 237 261 0.39 454 836
1.5 -337 236 259 0.23 2.64 90.5
40 Blank -350 279 288 3.83 44.07 -
0.3 -345 277 283 1.52 17.46  60.4
0.6 -342 270 277 1.23 14.16  67.9
0.9 -337 267 273 1.00 1155 738
1.2 -336 264 268 0.72 8.27 81.2
1.5 -332 262 267 0.45 5.22 88.2
45 Blank -348 296 297 4.01 46.14 -
0.3 -341 291 295 1.68 19.33  58.1
0.6 -339 285 289 1.38 15.83  65.7
0.9 -333 281 286 1.14 13.08 717
1.2 -333 276 283 0.83 9.61 79.2
1.5 -330 275 281 0.55 6.38  86.2
50 Blank -346 315 306 4.30 49.47 -
0.3 -341 313 301 1.95 2248  54.6
0.6 -340 307 295 1.63 18.70  62.2
0.9 -335 304 291 1.37 1571  68.2
1.2 -334 301 286 1.04 11.95 758
1.5 -333 299 285 0.73 8.46 829

Electrochemical impedance spectroscopy studies (EIS): Nyquist plots for the corrosion of
maraging steel in 0.5 M sulfuric acid solution containing various concentrations of DNPH were
shown in figure 3. The parameters, such as charge transfer resistance (R, Double layer capacitance
(Cq), film capacitance (Cy) and film resistance (R¢) and inhibition efficiency values 1 (%) calculated
are listed in Table 3. Even at higher temperature similar plots were obtained. From figure 3, it can be
observed that the impedance spectra exhibit a single semicircle and the diameter of semicircle
increases with increasing inhibitor concentration. This indicates that the corrosion of weld aged
maraging steel is controlled by a charge transfer process and the addition of DNPH does not change
the reaction mechanism of the corrosion of sample in sulfuric acid solution. The impedance spectra
did not present perfect semicircles, the depressed semicircle was often attributed to the surface
roughness, dislocations and distribution of the active sites or adsorption of inhibitors [11].As R is
inversely proportioned to the corrosion current density, inhibitor efficiency, #(%) was calculated from
the following relationship [22]:

R, —R
(%) = —2 100 )

ct(inh)

Where Reinny and R are the charge transfer resistances obtained in inhibited and uninhibited solutions,
respectively.
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Figure 3. Nyquist plots for the corrosion of weld aged maraging steel in 0.5 M

sulphuric acid containing different concentrations of DNPH at 30.

Table 3. EIS data for the corrosion of weld aged maraging steel in 0.5 M sulphuric acid
containing different concentrations of DNPH.

Temperature iﬁ?\ri]t():i.tg]; Rt Cal R¢ Cs ]
(°C) (mM) (ohm. cm?) | (mF ecm?) | (ohm. cm?) | (mF cm?) | (%)
30 Blank 33.56 4,01 -- -- -
0.3 100.39 1.70 8.10 0.51 66.6
0.6 130.28 1.36 9.93 0.42 74.2
0.9 168.64 1.10 12.29 0.34 80.1
1.2 267.84 0.78 18.40 0.26 87.5
15 592.93 0.47 38.40 0.17 94.3
35 Blank 26.64 6.59 -- - -
0.3 75.08 2.56 6.54 0.75 64.5
0.6 95.14 2.07 1.77 0.62 72.0
0.9 120.65 1.68 9.34 0.51 77.9
1.2 182.09 1.19 13.12 0.37 85.4
15 345,97 0.73 23.20 0.24 92.3
40 Blank 17.85 10.98 -- - -
0.3 47.21 4.27 4.82 1.23 62.2
0.6 59.03 3.46 5.55 1.01 69.8
0.9 73.58 2.82 6.45 0.83 75.7
1.2 106.63 2.02 8.48 0.60 83.3
1.5 183.26 1.27 13.19 0.39 90.3
45 Blank 17.84 12.56 - - -
0.3 44.27 5.40 4.64 1.55 59.7
0.6 54.62 4.42 5.28 1.28 67.3
0.9 67.02 3.64 6.04 1.06 73.4
1.2 93.80 2.67 7.69 0.79 81.0
1.5 149.29 1.76 11.10 0.53 88.1
50 Blank 17.42 15.83 - - -
0.3 39.47 7.48 4.35 2.14 55.9
0.6 47.84 6.21 4.86 1.78 63.6
0.9 57.47 5.21 5.45 1.50 69.7
1.2 76.94 3.95 6.65 1.14 77.4
1.5 112.46 2.77 8.84 0.81 84.5
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Increase in the value of charge transfer resistance (Ry) and decrease in Cy double layer
capacitance also conforms the formation of electrical double layer and adsorption of DNPH molecules
on the metal surface. The data shown in table 3 reveal that the charge transfer resistance (R.) and film
resistance (Ry), increases with the increase in the inhibitor concentration, suggesting an hindrance to
the charge transfer reaction (i.e., effective metal dissolution) [19]. The increase in Ry, Rrand decrease
Ca and C¢ valuesis due to the gradual replacement of water molecules by the adsorption of the
inhibitor molecules on the metal surface to form an adherent film on the metal surface and thereby
reducing the metal dissolution in the solution [20].

The obtained Bode plot for DNPH is shown in figure 4. The high frequency (HF) limits
correspond to Rs (Q2), while the lower frequency (LF) limits corresponds to (Rct + Rs), which is allied
with the dissolution processes at the interface. The low frequency contribution shows the Kinetic
response of the charge transfer reaction. Phase angle increases with increase in concentrations of
DNPH in sulfuric acid medium. This might be due to decrease in dissolution of metal and decrease in
capacitive behaviour on the metal surface.
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Figure 4. Bode plots for the corrosion of weld aged maraging steel in0.5 M
sulphuric acid containing different concentrations of DNPH at 30°C.

The presence of one phase maximum at intermediate frequencies indicates the presence of single
time constant corresponding to the impedance of the formed adsorbed film. The difference between
the HF and LF for the inhibited system in the Bode plot increases with increase in the concentration of
DNPH [22].At the highest inhibitor concentration of 1.5 mM, the inhibition efficiency was increased
noticeably and reached 94.3%. Furthermore, the values of inhibition efficiency obtained Tafel
polarization measurements and EIS measurements are identical to each other.

Effect of temperature: The results of Tafel polarization and electrochemical impedance spectroscopy
given in tables 2 and 3 shows that inhibition efficiency of DNPH decreases with increase in
temperature. In this study, with increase in solution temperature, corrosion potential (Ecorr), anodic
Tafel slope (b,), and cathodic Tafel slope (b.) values are not altered much. This shows that increase in
temperature does not change the mechanism of corrosion reaction. However, I, and the corrosion
rate of the metalincreases with increase in temperature for both inhibited and uninhibited solutions.
The inhibition efficiency decreases with increase in temperature which indicates desorption of
inhibitor molecules. [23, 24]. This may be due to the higher dissolution rates of weld aged maraging
steel at higher temperature and also a possible desorption of adsorbed inhibitor due to increased
solution agitation resulting from higher rates of hydrogen gas evolution, which may also reduce the
ability of the inhibitor to be adsorbed on the metal surface.The decrease in Ry andinhibition efficiency
with the increase in temperature indicates desorption of the inhibitor molecules from the metal surface
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on increasing the temperature. This phenomenonalso indicates the physisorption of the inhibitor
molecules on the metal surface [25-27].

Mechanism of corrosion inhibition: The adsorption mechanism of an inhibitor depends on factors,
such as the nature of the metal, the corrosive medium, the pH, and the concentration of the inhibitor as
well as the functional groups present in its molecule, since different groups are adsorbed to different

extents. According to Bockris et al. and Obot et al., the metal dissolution and inhibition action was
followed by the following mechanism [28]:

Fe+H,0 <> FeOH,  +H +¢ 3)
FeOH,,, — FeOH" + e” (rate determining step) 4)
FEOH" + H" <> Fe* + H,0 (5)

The cathodic hydrogen evolution follows the steps

Fe+H" <> (FeH™),, (6)
(FeH™),+ e © (FeH),, (7
(FeH),+H'+e — Fe+H, 8

The following mechanism involving two adsorbed intermediates to account for the retardation of
Fe anodic dissolution in the presence of an inhibitor:

Fe + H,0 <> FeH,0,,, 9)
FeH,0,, + M <> FeoH [+ H*+ M (10)
FeH,0,, + M <> FeM,, + H,0 (11)

FeOH,,, — FeOH, + e (rate determining step) (12)

FeM_, <> FeM ' +e (13)
FeOH,, + FeM . <> FeOH " + FeM, (14)
FEOH "+ H * <> Fe *+H,0 (15)

Where M represents the inhibitor species, according to the above exhaustive mechanism,
displacement of some adsorbed water molecules on the metal surface by inhibitor species to yield the
adsorbed intermediate FeM,qys reduces the amount of the species FeOH s available for the rate
determining steps and consequently retards Fe anodic dissolution [29-30].

SEM/EDS studies: The scanning electron microscope images were recorded to establish the
interaction of acid solution with the metal surface. Figure 5(a) represents the SEM image of the
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corroded weld aged maraging steel sample which shows the facets due to the attack of sulphuric acid
on the metal surface with cracks and rough surfaces. Figure 5(b) shows the SEM image of the sample
after immersion in 0.5 M sulphuric acid in the presence of DNPH. The alloy surface is smooth
without any visible corrosion attack.The image clearly shows the adsorbed layer of inhibitor
molecules on the alloy surface thus protecting the metal from corrosion [31-33].

Figure 5. SEM images of the weld aged maraging steel after immersion in 0.5 M sulphuric acid
a) inthe absence and b) in the presence of DNPH.

The corresponding EDS profile analyses for the selected areas on the SEM images 5(a) and 5(b)
are shown in figure 6(a) and figure 6(b), respectively. The atomic percentage of the elements found in
the EDS profile for corroded metal surface were 12.11 % Fe, 3.87 Ni, 4.92% Mo, 73.15% O, 1.72 %
Co and 6.50% S and indicated that iron oxide is existing in this area. These elemental compositions
prove that the corrosion of weld aged maraging steel through the formation of oxide layer. The atomic
percentage of the elements found in the EDS profile for less uncorroded metal surface were 4.52 %
Fe, 0.71% Ni, 1.77% Mo, 53.13 % O, 1.18% Cl, 31.42% C and 5.47% S and indicated that formation
of inhibitor film in this area. The elemental composition mentioned above was mean value of different

regions.
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Figure 6(b). EDS spectra of the weld aged maraging steel

Figure 6(a). EDS spectra of the weld aged maraging steel
after immersion in 0.5 M sulphuric in the presence of DNPH.

after immersion in 0.5 M sulphuric in the absence of DNPH

APPLICATION

Maraging steels are used in the fabrication of rocket and missile skins in aerospace industries. Due to
the low carbon content, maraging steels have good machinability. Its strength and malleability allow it
to be used in the preparation engine components like crankshafts and gears, bicycle frames, wheel
bearings, ship hulls, medical components, nuclear and gas turbine applications.
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CONCLUSION

The following conclusions may be drawn from the study:

1.

2.

o
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[10].

[11].

[12].

[13].

[14].

[15].

The DNPH acts as a mixed type inhibitor, which affect both anodic dissolution of weld aged
maraging steel and hydrogen evolution reactions.

The polarisation results reveal that corrosion current density (icorr) Value or hydrogen evolution
rate increases with either increasing temperature or decreasing inhibitor concentration.

The EIS results showed that Charge transfer (R.;) value increases with increasing inhibitor
concentration indicating hindrance for cathodic reduction and metal dissolution, suggesting
decrease in corrosion rate.

The results obtained from Tafel polarization and EIS studies are identical to each other.

The SEM/EDX inspection proves that the inhibition of corrosion is due to formation of an
adsorbed passive film on the metal surface.
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