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Abstract

The corrosion behavior of Maraging steel has been studied by using different techniques, includ-
ing open circuit potential and polarization measurements in addition to microstructure examina-
tion such as optical microscopy and XRD (X-Ray Diffraction) investigation. The corrosion behavior
of Maraging steel has been examined in sodium chloride solutions with different concentrations
from 0.1 M to 2 M. It was found that the corrosion resistance of Maraging steel is inversely propor-
tional with the concentration of sodium chloride solution. The corrosion resistance is directly
proportional to the Mo and Ti content in the Maraging steel. Heat treatment of the Maraging steel
improved its mechanical properties with no effect on the corrosion behavior as the precipitation
of inter-metallic compounds leading to some galvanic action. However, sample IV having lower Mo
content than sample V showed after heat treatment an improvement in the corrosion resistance.
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1. Introduction

Studying the corrosion behavior of different kinds of steels is important being the most widely-used materials
for constructions in our life, primarily due to the fact that they can be manufactured relatively cheaply in large
quantities and to very precise specifications. They also provide an extensive range of mechanical properties
from moderate strength levels with excellent ductility and toughness, to very high strength with adequate ductil-
ity. Iron and steels comprise well over 80% by weight of the alloys in general industrial uses. Maraging steels
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are a class of high strength steels characterized by very low carbon contents and the use of substitutional ele-
ments to produce age hardening in iron-nickel martensites. The very low carbon content and the use of interme-
tallic precipitation to achieve hardening produce served unique characteristics that set maraging steel apart from
conventional steels.

Maraging steel work well in electromechanical components where ultra-high strength is required, along with
good dimensional stability during heat treatment. Several desirable properties of maraging steel are [1]:

» Ultra-high strength at room temperature.

e Simple heat treatment, which results in minimum distortion.

* Superior fracture toughness compared to quenched and tempered similar strength level.
e Low carbon content, which precludes decarburization problems.

e Section size is an important factor in the hardening process.

* Easily fabricated.

e Good weld ability.

Maraging steel is characterized by a combination of good ductility, very high strength, good mechanical
properties and simple heat treatment, so that Maraging steel considers the most important steel in the heavy in-
dustry.

The useful characteristics of maraging steel are:

1) Excellent mechanical properties comprising high-to-weight ratios and high strength combined with good
toughness.

2) Good processing characteristics including good hot and cold workability.

3) Simple heat treatment with no decarburization, no liquid quenching and high dimensional stability.

4) Good fabrication characteristics including a low rate of work hardening, good machinability and excellent
weldability in annealed or aged conditions.

They are suitable for engine components, such as crank shafts and gears, and the firing pins of automatic wea-
pons. It also used in surgical components and hypodermic syringes.

The present work is aimed to study the following: a) effect of adding different alloying elements on the corro-
sion behavior of maraging steel; b) the corrosion behavior in different concentrations of Sodium Chloride; c)
study the corrosion behavior of heat treated Maraging steel in Sodium Chloride solution.

The techniques used in this works included open circuit potential, linear polarization, microstructure investi-
gation (Optical Microscope) and X-ray analysis.

2. Materials and Experimental Techniques

The corrosion behavior of maraging steel electrodes was studied in details using open circuit potential and po-
tentiodynamic polarization measurements as well as optical microscopy and X-ray analysis.

2.1. Materials

Table 1 illustrates that there are five solution testament samples of maraging steel had been prepared and used
in the corrosion testing of maraging steel. The solution treatment samples are I, 11, 111, IV and V. Only three heat
treated samples of maraging steel (aged) were used in the experiments, these three samples are (I, IV and V).

2.2. For Electrochemical Measurements

The eight maraging steel electrodes (five solution treatment samples and three aged samples) used in the elec-
trochemical experiments were cut as cylindrical shape. Copper wire welded on the top of the sample for the
electrical contact. All samples (solution treatment samples and aged samples) were mounted in glass tubes by
two component araldite leaving a surface area of ~0.8 cm? to contact the test solution.

2.3. Polarization Measurements

Polarization measurements were carried out by the same electrodes in 0.6 M Sodium Chloride solution. Polari-
zation studies were done using the same specimens in the same previous solutions in the polarization cell. E vs.
log | curves were recorded at temperature 25°C. Spiral platinum was used as the counter electrode (C); saturated
calomel electrode (SCE) was used as reference electrode (RE). A constant quantity of the test solutions (100 ml)
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was taken in the polarization cell in order to make the conditions identical in all experiments. The corrosion ki-
netic parameters such as corrosion current (lo,y), corrosion potential (E ), cathodic Tafel slope (f3c), and anodic
Tafel slope (3a) were derived from the curves. The polarization data were recorded from potentiostate model
IM6e (Zahner Elektrik).

2.4. Electrolytes

Sodium chloride solutions were prepared from chemically pure grade ADWIC and five concentrations were
used from Sodium Chloride 0.1 M, 0.3 M, 0.6 M, 1 M and 2 M. Second distilled water was used throughout the
experiments for the preparation of the solutions. All experiments were approximately made at the same tempera-
ture of 25°C £ 0.5°C.

3. Results and Discussion
3.1. Open Circuit Polarization Measurements

The open circuit (OC) potential is the potential of the working electrode relative to the reference electrode
when no potential or current is being applied to the cell. Although Potentiometric experiments are very simple,
they have many important applications. Potentiometric measurements are based on Nernst equation, which re-
lates the concentration of electroactive species at the electrode surface (Cs) to the potential (E) at that electrode;
that is, for the reaction: O +e =R

0.059, Co
log—
Cr

Where Eo is the formal redox potential of the electron transfer reaction. The potential E is measured between
two electrodes: the working electrode and the reference electrode.

The way in which a metal changes its potential upon immersion in solutions indicates the nature of reaction
taking place at its surface. Whilst a shift in potential towards more positive values denotes film formation and
thickening, a shift in the negative direction signifies film destruction and the exposure of more of the bare metal
to the aggressive solution. The results obtained were made to be used to discuss the mechanism of oxide film
growth or corrosion of the metal in solutions.

The open circuit potentials of steel electrodes with different compositions are followed, as a function of time
in different solutions till steady state value (Eg). The concentrations of the test solutions were varied from 0.1 M
to 2 M of Sodium Chloride.

E=Eo+

3.1.1. Effect of Sodium Chloride Concentration on the Solution Treatment Maraging Steel

Figures 1-5 illustrate the effect of Sodium Chloride concentrations varied from 0.1 M to 2 M on solution treat-
ment maraging steel, the open circuit potentials of the following electrodes I, I, I1l and IV have a tendency to
shift towards more negative values with increasing Sodium Chloride concentrations. On the other hand, the
open circuit potentials of V sample changing towards more noble values immediately on immersion in So-
dium Chloride medium at any concentration varied from 0.1 M to 1 M. In sodium chloride solutions with
concentration higher than 1 M the open circuit potential of this sample will tend to metal dissolution like the
other samples.

As shown in Table 1, V electrode is the sample that contains the highest molybdenum content (4.48%) than
the other samples (I = 0.0074%, 111 =0.112 %, Il = 0.0484% and IV 2.95%).

A theory for film thickening on the surface of metals and alloys based on open circuit potential-time mea-
surements has been developed by A. M. Shams EI-Din and Paul [2]. The essence of the theory is based on the
idea that the potential is determined by a simultaneous anodic (film formation) and cathodic (oxygen reduction)
couple, in which the anodic reaction is rate limiting. By presenting the data in the form of potential-log (time)
curves, straight lines were obtained satisfying the relation

)
E =constant + 2.303;I0gt

where t was the time from the moment of immersion in solution, 6~ was the rate of oxide film thickening per-
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Table 1. Chemical composition and designation of the tested samples.

| 1 11 v \Y
C 0.031 0.0483 0.036 0.0386 0.0497
Si 0.0008 0.485 0.0935 0.318 0.253
Mn 0.421 0.308 0.246 0.345 0.398
P 0.0191 0.0214 0.0289 0.013 0.0274
S 0.0119 0.0145 0.0115 0.0145 0.0203
Cr 0.004 5.22 5.4 4.97 5.43
Mo 0.0074 0.0484 0.112 2.95 4.48
Ni 11.75 11.333 12.48 12.54 12.64
Al 0.0013 0.136 0.0001 0.113 0.125
Ti 0.003 0.995 0.028 0.677 0.629
The balance is the wt% of Fe in each sample.
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Figure 1. Potential time curve for solution treatment Maraging steel samples in 0.1 M Sodium

Chloride solution at room temperature.
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Figure 2. Potential time curve for solution treatment Maraging steel samples in 0.3 M Sodium

Chloride solution at room temperature.
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decade of time, and S was given by:

. nF st
=——a

RT
o is a transference coefficient similar to that found in electrochemical kinetic rate expressions (0 < a < 1) and ¢
is the width of the activation energy barrier to be traversed by the ion during oxide formation, R is the gas con-
stant and T is the absolute temperature (at 25°C). Assuming o to have the value of 0.5 and ¢ the value of 1.0 nm,
values of ¢ for the various steel examined can be calculated. By analogy with the case of Fe-Cr and molybde-
num containing steels, it is assumed that the trivalent cations diffuse through the film to the oxide-solution in-
terphase. The constant n in the equation is set equal to 3, and 4 acquires the value of 58.6 nm V.
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Figure 3. Potential time curve for solution treatment Maraging steel samples in 0.6 M Sodium Chloride solu-
tion at room temperature.
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Figure 4. Potential time curve for solution treatment Maraging steel samples in 1 M Sodium Chloride solu-
tion at room temperature.
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Figure 5. Potential time curve for solution treatment Maraging steel samples in 2 M Sodium Chloride solu-
tion at room temperature.

The presence of Chloride ions in solution initiates breakdown of passivity and the reaction is diffusion con-
trolled. With increasing chloride concentrations, the diffusion components disappear and the interfacial reactions
become charge transfer controlled, so that the tendency for steel to corrode in solutions increases with increasing
Sodium Chloride concentration [3].

The film thickening of V increases at Sodium Chloride solutions from 0.1 M to 1 M but after this range the
steel tends to breakdown the layer, the rate of oxide thickening representative curve in the figure, amounted
along the fires segment 61, was always higher than that along the second 62. This may be correlated with the
creation of ionic current which would decrease with increased film thickness with subsequent decrease of the
growth rate [2].

In Sodium Chloride solutions at concentrations varied from 0.1 M to 1 M, the film thickening rate ¢ increased
gradually with increasing the concentration of Sodium Chloride. This may be explained by assuming that the
adsorption of these ions initiates a larger field strength which promotes the development of thicker oxide film
but at 1 M Sodium Chloride the film starts to breakdown [4].

3.1.2. Effect of Aging on Maraging Steel
Effect of Sodium Chloride on Aged Maraging Steel

The open circuit potential of aged maraging steel electrodes will be inspected in Figure 6 in 0.1 M Sodium
Chloride solution, which represent that all samples even V, will be corroded in 0.1M Sodium Chloride after heat
treatment.

The steady state potential of the solution treatment maraging steel in 0.1 M Sodium Chloride for I, IV and V
are =460 mV, =370 mV and —220 mV respectively, but in case of 0.1 M Sodium Chloride aged maraging steel
the steady state potential for I, IV and V are —-475 mV, —400 mV and =370 mV respectively, so that by compari-
son the open circuit potential of the aged steel samples will shift towards more negative values than the solution
treatment samples.

From the previous results it can be concluded that the corrosion behavior of solution treatment maraging steel
is better than the aged maraging steel. On the other hand aged steel has a good mechanical properties than the
solution treatment steel, because intermetallic compounds which formed inside the alloy have different electro
negativity between each ether, so that galvanic corrosion may be appeared, which can be lead to increase the
corrosion of the aged maraging steel more than the corrosion of solution treatment maraging steel.

Table 2 represents the average results of the room temperature mechanical testing of investigated steels after
solution treatment at 820°C for 1 hour and air cooling. The data representing the 0.2% offset yield (Rp0.2) and

(=)
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Figure 6. Potential time curve for aged Maraging steel samples in 0.1 M Sodium Chloride solution at room

temperature.

Table 2. Mechanical properties of Maraging steel before and after aging.

Aging \% v 1 I |
Before 890 897 858 918 645
Yield Strength
After 1427 1211 1046 1725 701
Before 1092 1008 1142 1052 757
Ultimate Tensile Strength
After 1429 1225 1096 1746 733
Before 14 13 15 10 19
Elongation (A)%
After 12 15 18 8 24

ultimate tensile strength (Rm) as well as tensile elongation (A). The ultimate tensile and yield strength increased
from 757 and 645 to 1092 and 890 N/mm?, respectively, with increasing Ti up to 1.6%. Figures 7-9 illustrate
the mechanical properties of the solution treatment and aged Maraging steels.

3.2. Polarization measurements

3.2.1. Effect Sodium Chloride Concentrations on Solution Treatment Maraging Steel

The resistance of metals and alloys to corrosion is dependent upon multitude of factors. It is therefore difficult to
predict the behavior of a metal or alloy in a special environment or to establish the optimal choice of alloy in a
give process. The comparison of the polarization curves for different metals in the same solution provides in-
formation, which can also be applied to other solutions. Alloys can be ranked with regard to corrosion resistance
and the influence of different alloying element can be determined with respect to different corrosion parameters.
However, the appearance of the polarization curves depends on the method used.

In different concentrations of Sodium Chloride solutions varied from (0.1 M to 2 M), the polarization meas-
urements of the five maraging steel electrodes (I, I, 111, IV and V) were started at —1000 mV. At this potential,
the electrodes are activated, since surface oxide is reduced or pealed off as a result of hydrogen evolution. Dis-
solution of metal may take place, since the potential is well above the equilibrium potential for iron but dissolu-
tion is very slow. Green and Leonard and others [5] reported that the time for activation and the potential at
which this occurs are of considerable importance for the shape of the polarization curve. The current density (1)
(mA/cm?) was plotted against polarization potential (E) (Vs. SCE) (I/E curves) from the figures. In all concen

(=)
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Figure 7. Comparison between mechanical properties (yield strength) of solution treatment and aged Marag-
ing steel.
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Figure 8. Comparison between mechanical properties (ultimate tensile strength) of solution treatment and
aged Maraging steel.

trations of Sodium Chloride solution (0.1 M to 2 M). V and IV samples have less negative potential values than
I1, 11 and | samples.

Figures 10-14 display the potential-current density curves from each sample individually in different concen-
trations of Sodium Chloride (from 0.1 M to 2 M).

Log concentration of Sodium Chloride solutions against Log anodic corrosion current (Log leor) Was plotted
Figure 15 in order to confirm the polarization results and I, values are tabulated in Table 3, electrode V is the

lowest I, value than the other samples.
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Figure 9. Comparison between mechanical properties (Elongation) of solution treatment and aged Maraging steel.
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Figure 10. Polarization curve for Maraging steel samples in 0.1 M Sodium Chloride solution at room temperature.
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Figure 11. Polarization curve for Maraging steel samples in 0.3 M Sodium Chloride solution at room temperature.
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Figure 12. Polarization curve for Maraging steel samples in 0.6 M Sodium Chloride solution at room temperature.
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Figure 13. Polarization curve for Maraging steel samples in 1 M Sodium Chloride solution at room temperature.
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room temperature.

Table 3. Polarization of solution treatment maraging steel in different concentrations of NaCl.

lcorr 0.1M 03M 0.6 M 1M 2M
\% 3.73 1.41 3.50 175 1.12
v 2.40 3.02 5.45 391 3.63
11 2.08 3.19 7.09 6.55 7.96
1 2.80 1.06 6.16 3.28 10.90
| 9.35 8.69 7.36 230 11.90

Log concentration of Sodium Chloride solutions against corrosion potential (E.,) was plotted in the Figure
16 in order to illustrate the corrosion behavior of the steel in different concentration of Sodium Chloride, the re-
sults is summarized in Table 4. Electrode V is the most corrosion resistive specimen then 1V, II, 11l and | be-
cause it is the highest E.,,, values than the other samples.

At low concentrations of Chloride, the curves exhibit a passive region that disappears as the potential increases
in the noble direction. The passive film breakdown potential moves in the active direction as the concentration
of Chloride is increased to such extent that, at higher concentrations the passive region completely disappears.
The free corrosion potential, E.,, decreases with an increase in Sodium Chloride concentration [3].

The passive current density obtained from polarization curves is not a stationary current density. The statio-
nary passive current density is reached after prolonged polarization [6]-[10].

3.2.2. Effect of Aging on Maraging Steel

Effect of Sodium Chloride concentrations on Aged Maraging Steel
The polarization potential of aged maraging steel electrodes can be inspected in the figure in 0.1 M Sodium
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Figure 16. E¢-Log concentration of Sodium Chloride solution curve for solution treatment Maraging steel samples at room
temperature.

Table 4. Polarization of solution treatment maraging steel in different concentration of NaCl.

Ecorr 01M 03M 0.6 M 1M 2M
\Y —559.8 —482.7 —396.5 —446.8 —475.6
v —541.5 —475.2 —659.2 —697.3 —687.1
1 —666.2 —724.9 —765.6 —769.5 —786.3
1l —566.9 —590.2 —544.1 —696.6 —636.3

| —534.4 —647.8 —606.3 —622.3 —769.7

Chloride solution, which represent that IV sample has a more positive values than V and | respectively.
Figures 17-20 will illustrate comparison between the polarization curves of solution treatment and aged ma-
raging steel in 0.1 M Sodium Chloride solution.

3.3. Metallographic Examination of Corroded Alloys

3.3.1. Optical Microscopy

Figure 21 shows the results of optical microscopic examination after different treatment for different samples.
Microscopic examination was carried out to investigate the effect of alloying elements additions and heat treat-
ments on the microstructure changes after different treatments, investigated that, heat treatment of the maraging
steel has a good influence on its mechanical properties but has no effect on the corrosion behavior of it. Because
of the precipitation of intermetallic compounds which will tend to some kind of the galvanic corrosion.

3.3.2. X-Ray Diffraction Analysis
Figures 22-25 show the results of X-ray diffraction analysis for the two samples 1V and V (after solution treat-
ment and after aging). For IV XRD figures, in solution treatment sample martensite phase only is appeared be-
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Figure 17. Polarization curve for aged Maraging steel in 0.6 M Sodium Chloride solution at room temperature.

10 m
Tm —

100 p _
E 10|J_
o —
(=2
~ 7] Solution Treatment
Py
B 100 n 4 Aged
pL _
3
- 10 n -
c ]
[¢}]
}
.
= 1n—
O ]

Potential (Volt)

Figure 18. Polarization curve for VV sample before and after heat treatment in 0.6 M Sodium Chloride solution at room

temperature.
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Figure 19. Polarization curve for 1V sample before and after heat treatment in 0.6 M Sodium Chloride solution at room
temperature.
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Sample | Sample 11

Sample 111 Sample IV

Sample V

Figure 21. Optical microscopic examination for different samples.

fore and after aging. So that, solution treatment samples will be more corrosion resistance than aged sample as
aresult of the precipitation of the intermetallic compounds which leads to form more galvanic cells. For V sam-
ple XRD figures, in solution treatment sample martensite phase is appeared in addition to small quantity from
the iron austenite (Fe, C) phase but after aging martensite phase is only appeared. So that, solution treatment
samples will be more corrosion resistance than aged sample as a result of the precipitation phenomena.

Microscopic examination and X-ray investigation were carried out to investigate the effect of alloying ele-
ments additions and heat treatments on the microstructure changes after different treatments, investigated that,
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Figure 22. X-ray diffraction analysis for solution treatment IV.
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Figure 23. X-ray diffraction analysis for aged IV.

heat treatment of the maraging steel has a good influence on its mechanical properties but has no effect on the
corrosion behavior of it. Because of the precipitation of intermetallic compounds which will tend to some kind
of the galvanic corrosion. Finally, although 1V sample is lower than V in Molybdenum content but IV after heat
treatment, it has an observed improvement in mechanical properties and corrosion resistance [11]-[16].

4. Conclusions

Based on results of investigation, the following conclusions may be drawn:
1) The corrosion rate of solution treatment and aged maraging steel specimen in Sodium Chloride solutions with
different concentrations from 0.1 M to 2 M is substantial.



H. El Desouky, H. A. Aboeldahab

300
290

280
270
260
250

280
230
220
210 -
200
190 -

T80
170
160 —
150
140 —
130 —

Lin (Conunts)

=120
110 -
100 —H
90 —
80 —
| |
50—
50 ‘
40
30
20
104 ¢ T m N N
P

40 50 60 70 80 90 100 10 20 30
2-Theta-Scale

Figure 24. X-ray diffraction analysis for solution treatment V.
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Figure 25. X-ray diffraction analysis for aged V.

2) The corrosion rates of the examined specimens are influenced by the concentration of the Sodium Chlo-
ride medium. The corrosion rate of the tested specimens under investigation increases with increase in concen-
tration of chloride.

3) The corrosion rate of solution treatment samples is less than that of aged samples in Sodium Chloride solu-
tions.
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