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ALUMINA INFLUENCE ON THE CORROSION RESISTANCE OF Ni-P-
Al;03COMPOSITE LAYERS

Tamara RADU
“Dunarea de Jos” University of Galati, Romania
e-mail: tradu@ugal.ro

ABSTRACT

This paper aims to analyze the corrosion resistance of composite layers based
on Ni-P matrix and disperse phase alumina of 10 um size, present in amounts of 5,
10 and 20 g / L in the nickel plating bath. The influence of alumina on the corrosion
resistance of Ni-P-Al,O3 composite layers was tested in 0.1N hydrochloric acid
solution compared to Ni-P layers with different phosphorus contents. The samples
immersed in the corrosive environment were weighed every 7 days for 4 weeks. The
corrosion rate was appreciated considering the loss of mass per area in time. Mass
loss was calculated considering the total time of corrosion and the mass lost each
week for determining the kinetics of the process. The variation curves of the
corrosion rate are presented, depending on the chemical composition of the

analyzed layers and the corrosion time.

KEYWORDS: Ni-P-Al,Os, composite coatings, corrosion rate, HCI 0.1N

1. Introduction

Ni-P-Al,O; composite layers are an improved
version of Ni-P coatings. Ni-P layers are obtained by
electroless method, a method based on an
autocatalytic reducing process.

Phosphorus is supplied by the reductant used,
respectively sodium hypophosphite, and the content
in the layer depends on the pH of the nickel bath.
When the pH of the nickel plating bath is low (4-
5%P), the phosphorus content is higher in the coating
layer [1-3].

Ni-P layers have a different corrosion behavior
depending on the content of phosphorus.

Thus coatings with high phosphorus content (9-
12%) have best corrosion resistance, in diverse
environments [4, 5]. Coatings with low-phosphorus
content have good corrosion resistance in basic
environments [1].

Ni-P layers were developed especially for high
hardness and wear resistance, practically comparable
to hard chrome layers. This characteristic was
improved by achieving composite structures with
disperse phases: SiC, WC, Al,O; etc. [6 7]. The
influence of these particles on corrosion resistance
was also investigated as well as the influence of other
particles such as TiOy, Zr Oy, SiO; etc. [8, 9].

The influence of alumina on the corrosion
resistance of Ni-P-Al,Os composite layers is the

subject of many research studies in the field,
presenting different opinions and results [4, 10-14].
Some authors reported an increase of the corrosion
resistance in the presence of alumina and another
insignificant or even negative influence. These
different results are given by the particles size and the
amount of alumina introduced into the electroless
nickel bath.

This paper aims to analyze the corrosion
resistance of Ni-P matrix composite layers and
disperse 10 um size phase alumina, present in
amounts of 5, 10 and 20 g/L in the nickel plating
bath.

2. Experimental research

The experimental research studies aimed to
obtain Ni-P coatings with different phosphorus
content and composite layers by including in the Ni-P
matrix alumina particles of 10 pm size for different
quantities of alumina from the nickel-plating bath,
respectively 5 g/L; 10 g/L and 20 g/L. This study also
aimed to verify some controversial or insufficiently
explained aspects, presented in literature, regarding
AlLOs influence on corrosion resistance. The
composite and Ni-P layers were performed on
samples with sizes of 30x60 mm, made of 0.4 mm
thick steel sheet, with low carbon content. The strip
surface was prepared by:
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- chemical degreasing, at 80-90 °C, followed by
washing in warm (80-90 °C) and cold water;

- hydrochloric acid 20%, pickling and washing
in warm water (85-90 °C).

The Ni-P coating was obtained in a solution of
25% nickel sulfate and 23% sodium hypophosphite.
The sodium acetate was used as the complexion agent
and the lead acetate was used for bath stabilizing.
Working temperature was 85 °C. To vary the
phosphorus content in the coating layer, the pH of the
solution was varied, respectively, pH=3.64, for a high
phosphorus content (9-10% P), pH=4.87 for the
medium phosphorus content (7-8% P), and pH=6.60
for the low-phosphorus (5-6% P) content.

To obtain layers with similar thicknesses, the
influence of pH on this parameter was taken into
consideration (at the increase of the pH, the layer
thicknesses increases) and the immersion duration
was varied. The plated samples at pH=3.64 were kept
in the solution for 15 minutes. The plated samples at
pH = 4.87 were kept in the solution for 20 minutes
and the plated samples at pH = 3.64 were kept in the
solution for 25 minutes.

To remove the hydrogen a stirring at 200
rot./min. was imposed. To obtain composite layers in
Ni-P matrix and alumina as disperse phase, the same
solution was used in which was introduced alumina
powder of 10 pm size in amounts of 5 g/L, 10 g/L and
20 g/L. The applied working parameters were: bath
temperature - 85 °C, duration - 20 min, and pH = 4.83

and magnetic stirring 500 rot./min. to maintain the
alumina in suspension. The samples were analyzed
considering surface quality and were selected for
COrrosion process.

The corrosion resistance was made according to
standard G31/2004. The test was conducted for a
period of four weeks and the samples were weighed
at every seven days.

The corrosion rate was calculated in g/m?h
depending on the total time of corrosion and each
week to determine the kinetics of the process [15].

3. Results and discussion

The alumina influence on the corrosion
resistance of the Ni-P-Al,O3 layers was examined in
comparison with the Ni-P layers with different
phosphorus contents. Figure 1 shows the corrosion
rate of Ni-P layers. It was observed that after 168 h,
336 h and 504 h, the layers obtained at the lowest pH,
which has the highest content of phosphorus, have
had the best corrosion behavior. After 672 h, the
corrosion rate of these layers is very similar to the
corrosion of layers obtained at pH=4.87. The layers
obtained at pH = 6.6 present the highest corrosion
rate. These layers have the lowest content of
phosphorus. The results confirm data from the
literature.

& Ni-P, pH=3.64 & Ni-P, pH=4.87 B Ni-P, pH=6,60|

corrosion rate [g/m2 h]

time [h]

Fig. 1. Corrosion rate of Ni- P layers in 0.1N HCI solution

Figure 2 shows the kinetics of the corrosion
process of the Ni-P layers every week. It was
observed that layers with high phosphorus (pH=3.64)
and medium (pH=4.87) content have similar behavior
respectively the corrosion rate increases until week 3
and decreases in week 4 (due to the formation of the
corrosion products on the surface). The layers with
low phosphorus corroded more slowly in the 2" week
and very fast in week three, when corrosion products
were formed that reduced the corrosion rate in week
4,

Figure 3 presents the results of the corrosion test
for composite layers obtained in nickel plating bath

with different content of alumina. The results show a
very good corrosion behavior of the composite layers
with Ni-P matrix and 10 um size disperse phase
alumina obtained in nickel bath with 20 g/L alumina.

The corrosion rate of these layers is almost
twice lower than the other composite layers that
behave comparably. This behavior is explained by the
passivation of the surface by the alumina particles.
Increasing the amount of particles, a larger area will
be occupied by alumina which will ensure a higher
resistance to corrosion.
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Fig.

2. Kinetics of the corrosion process of the Ni-P layers

B5g/L A203 B10g/L A203 B2 0g/L A203

15 1.39

1.04 0.96 04

121 121

.62
0.5 1

corrosion rate [g/m2 h]

168 336

time [h]

504 672

Fig. 3. Corrosion rate of Ni-P-Al,Oz layers in 0.1N HCI solution

The kinetics of the process presented in Figure 4
shows that in all weeks the layers obtained with 20
g/L alumina in the bath have the lowest rate of
corrosion. Increasing the corrosion rate in week 2 is
explained by the surface morphology of these layers.
Because alumina is not a catalytic support for Ni, it
causes the formation of dimples on the surface,
resulting in a rough surface with nickel in relief and

alumina in dimples (Figure 5). So the corrosion rate
increases in week 2 through the preferential corrosion
of nickel and in week 3 the surface is passive due to
alumina and the corrosion rate decreases. In week 4 a
higher quantity of alumina in the layers obtained in
nickel bath with 20 g/L provides high resistance to
corrosion compared to other layers that continue to
corrode with higher rates.

|+59/L AI203 —8— 10g/L AR03 —&— 20g/L A203 |
) T
E 15 N //" 168
o 104 113 L15
] 06
5 0.9 0:86 063
2 0.5
£ 0.62 028
3 o : : :

week 1 week 2 week3 week 4

Fig. 4. Kinetics of the corrosion process
for Ni-P-Al,O3 layers

Fig. 5. Surface aspect of the
Ni-P-Al,O3 composite layers
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In Figure 6 is compared the corrosion behavior
of Ni-P layers with high phosphorus content obtained
at pH = 3.54 and of the composite layer of Ni-P-
Al,03; with different Al,O3; content depending on the

1.6

amount of particles of alumina in the electrolyte. It
can be noticed that all composite layers show a higher
resistance to corrosion compared to Ni-P layers.

1.39
1.4

1.35

1.39

1.2

1211291

1.04 596 1.04 1.04

1
0.8 A
0.6 A
0.4 A
0.2 A

0 A

0.8 0.74

0.62

corrosion rate[g/m2 h]

168 336

time [h]

01 _1.05 | Ni-P

0.7 B Ni-P- A203, 5g/L
059 | |m Ni-P-Al203, 10g/L
B Ni-P-AI203, 20g/L

504 672

Fig. 6. Comparative corrosion rate for the Ni-P layers and composite layers

The different corrosion behavior of the layer is
explained by the different kinetics of the corrosion
process on the time intervals analyzed as shown in

Figure 7. The Ni-P layers were subject to continuous
corrosion until week 3 vs. the composite layers at
which the process of corrosion slows in week 3.

2.5
=)
(9]
g 2 o1 181
2 1.74
S 15 L8 | [e—nip
c . g i
s 1.04 1.33 1.15 151 —=— Ni-P-Al203, 5g/L
f; : 706 —a— Ni-P-AI203, 10g/L
= ! 09 | i-P-Al L
< 6,% 6 —B— Ni-P-AI203, 20g
D 62 63
c 0° \.
3 0.28
0 : : .
week 1 week 2 week 3 week 4

Fig. 7. Comparative analysis of the kinetics of the corrosion process
for the Ni-P and Ni- P-Al,Os layers

4. Conclusions

The research has shown better corrosion
behavior in 0.IN HCI for composite Ni-P-Al,O3
layers compared to Ni-P layers.

The presence of alumina of 10 um size as
disperse phase in Ni-P matrix leads to increased
corrosion resistance in 0.1N HCI.

The highest corrosion resistance was shown by
the layers obtained in nickel bath with 20 g/L
alumina, respectively 0.59 g/m?h;

The different kinetics of the corrosion process
for Ni-P layers and composite layers explains the
different behavior of corrosion. Because alumina is
not a catalytic support for Ni, it forms dimples on the
surface resulting in rough surfaces with nickel in
relief and alumina in dimples. This surface structure
will lead initially to a higher corrosion rate of the
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composite layers. The surface leveling and
passivation effect given by the alumina will ensure
thereafter a lower corrosion rate of these layers.

References

[1]. Glenn O. Mallory, Juan B. Hajdu, Electroless Plating:
Fundamental and Applications, International Headquarters in
Orlando, Florida, Reprint Edition, available online, 2008.

[2]. S. I. Balint, S. Constantinescu, L. Balint, Influence of heat
treatment on the characteristics of Ni-P-Al,O; composite layers,
SGEM Proceeding, vol. 1 p. 99, 2015.

[3]. G. G. Istrate, S. I. Balint, A. Ciocan, V. Dragan, Influence of
technological parameters on layer thickness to obtain Ni-P
electroless coatings, SGEM Proceeding, vol. 1, p. 113, 2015.

[4]. T. Radu, M. Vlad, F. Potecasu, G. G. Istrate, Preparation
and characterisation of electroless Ni-P-Al,O; nanocomposite
coatings, Digest Journal of Nanomaterials and Biostructures Vol.
10, no. 3, p. 1055-1065, 2015.

[5]. Z. Abdel Hamid, S. A. El Badry, A. Abdel Aal, Surf. &
Coat. Technol., 201, 2007.

[6]. B. Elsener, M. Crobu, M. A. Scorciapino, A. Rossi, Journal
of Applied Electrochemistry, 38, (7), 2008.

[7]. G Jiagiang, et al., Materials Letters, 59, (2-3), 2005.

[8]. J. N. Balaraju, C. Anandan, K. S. Rajam, Surf. & Coat.
Technol., 200, (12-13), 2006.

[9]. C. Li, Y. Wang, Z. Pan, Materials and Design, 47, 2013.

[10]. S. A Froukhteh, C. Dehghanian, M. Emamy, Progres in
Nature Science: Materials International, 22, (4), 2012.

[11]. P. Gadhari, P. Sahoo, Procedia Materials Science, 5, 2014.
[12]. A. S. Hamdy, M. A. Shoeib, H. Hady, O. F. Abdel Salam,
Surf. & Coat., Technol, 202, 2007.

[13]. L. K. Hari Krishnan, S. John, K. N. Srinivasan, J.
Praveen, M. Ganesan, P. M. Kavimani, Metallurgical and
Materials Transactions A, vol. 37A, 2006.

[14]. J. N. Balaraju, K. S. Rajam, Surface & Coatings
Technology, 200, p. 3933-3943, 2006.

[15]. T. Radu, S. Constantinescu, L. Balint, Materiale metalice
rezistente la coroziune, Editura Stiintifica F. M. R., ISBN:973-
8151-31-7, 2004.


http://www.springerlink.com/content/?Author=Bernhard+Elsener
http://www.springerlink.com/content/?Author=Antonella+Rossi
http://www.springerlink.com/content/0021-891x/
http://www.springerlink.com/content/0021-891x/

- a DE Jog.,
S ¢

"
1978,

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 3 - 2015, ISSN 1453 — 083X

INFLUENCE OF THE ANODIC OXIDATION TREATMENT
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ON THE CORROSION BEHAVIOUR OF ALUMINIUM
AND ALUMINIUM ALLOYS

Valentin DUMITRASCU, Lidia BENEA*

“Corresponding author
e-mail: Lidia.Benea@ugal.ro

ABSTRACT

This paper deals with the effect of anodic oxidation treatment on the corrosion
behaviour of 6061 aluminium alloy in natural sea water. Anodic oxidation
treatment leads to the formation of an amorphous oxide layer on the top surface of
6061 aluminium alloy as shown by optical microscopy results. The corrosion
behaviour was investigated in natural sea water, harvested from the Black Sea,
Mangalia harbour. The study was done by in situ electrochemical methods such as:
open circuit potential (OCP), electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization (PD) and cyclic voltammetry polarization (CV). The
results show that the untreated 6061 aluminium alloy undergoes severe corrosion in
natural sea water in comparison with anodized 6061 aluminium alloy. The results
obtained by different electrochemical methods were in good agreement with each
other and showed an improved corrosion resistance of the anodic oxide layer
formed on aluminium alloy in natural sea water. The results were confirmed by
optical microscopy.

KEYWORDS: anodic oxidation, aluminium, corrosion, aluminium alloy

1. Introduction

Materials with unusual combination of
properties like low densities, strength, stiffness and
impact resistance and which are not easily corroded
are needed for aerospace, underwater and
transportation applications and all of these conditions
cannot be met by metals, conventional metallic
alloys, ceramics and polymeric materials [1].

The  nanocomposite and  nanostructured
materials can be fabricated by different physico-
chemical methods such as chemical vapour
deposition, sol-gel deposition, electrodeposition,
electroless deposition. Electrodeposition and anodic
oxidation are bottom-down methods to fabricate
functional surfaces with nanoscale structures.

Aluminium alloys are widely employed within
the spacecraft industry and they provide the required
mechanical and corrosion properties, the choice of
alloy series depending on application [2].

The surface modifications of aluminium alloy
are generally performed by anodic oxidation,
chemical oxidation, coatings, electroplating, etc. In

order to improve the mechanical and electrochemical
performance of aluminium alloys for corrosion
protection, anodic structured oxide layers are always
preformed before their application in automobile,
marine and construction industries [3].

The development and application of anodic
oxidation technology is the most rapid and versatile.
Anodic films, composed of amorphous alumina, are
formed by application of an anodic potential to
aluminium that is immersed in a suitable electrolyte.
For slightly alkaline electrolytes or those close to
neutrality, when the solubility of the oxide is low,
compact oxides (barrier-type films) are usually
generated. In contrast, in electrolytes in which the
solubility of the oxide is increased, porous oxides can
be formed. The porous oxides are very important for
industrial applications [4].

The major topics for corrosion research in
relation to aluminium alloys have included localised
corrosion of aluminium alloys containing magnesium,
stress corrosion cracking of alloys used in aerospace
applications, galvanic corrosion of aluminium in
atmospheric and automotive applications, corrosion

-10-
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inhibition and most recently the filiform corrosion of
aluminium sheet [5].

The structural characteristics of the anodic
oxide film formed on the aluminium surface and the
intensity of corrosion attack are influenced by (i) the
chemical composition of the exposed alloys, (ii) the
presence and distribution of micro-defects (vacancies,
voids, etc.) as well as macro-defects (inclusion,
second phase particles) and (iii) by electrolyte
composition (pH, halide concentration, temperature).
In general, pitting on the aluminium alloy surface
takes place in the presence of an electrolyte within a
45-85 pH range and tends to increase with an
increase in temperature, concentration of aggressive
ions and stagnation of the electrolyte [6].

Different types of aluminium alloy present
different corrosion behaviour in marine environment
due to the distribution of the intermetallic phases. The
presence of different alloying elements can promote
the formation of corrosion micro-cells and initiates
the local corrosion process [7].

However, the corrosion behaviour of the
aluminium alloys is poor in marine environmental
and tends to localized corrosion, pitting corrosion,
intergranular corrosion, etc. which can affect the
service life of aluminium alloy components.

The anodic oxide film on the surface of 6061
Aluminium alloy was generated in sulphuric acid
anodization bath. The aim of this work was to
evaluate and compare the corrosion behaviour of
6061 aluminium alloy before and after the anodic
oxidation process, in sea water harvested from the
Black Sea, Mangalia harbour by electrochemical
methods.

2. Experimental procedure

2.1. Materials

The tested material selected for study is 6061

a
(a) ' |
'
Counter electrode Working electrode
(Cathode) I (Anode)

DC power source

aluminium alloy. The composition of the 6061
aluminium alloy specimens is given in Table 1.

Table 1. Composition of the 6061 aluminium
specimens (% by weight)

Element Com(%zs;ltlon
Si 0.4
Fe 0.2
Cu 0.15
Mn 0.15
Mg 0.8
Cr 0.04
Zn 0.25
Ti 0.15
Al Balance

2.2. Preparation of anodic films

Before the anodization process, the samples of
6061 aluminium alloy with rectangular shape of
20x20x2 mm were connected with a copper wire and
isolated with epoxy resin to delimit the active surface.
The samples were degreased with acetone, rinsed
with deionized water and dried at room temperature.

The electrochemical cell set-up used in
anodization process, shown in Fig. 1 (a), consists of
two electrodes, the first one being the sample of
6061Aluminium alloy used as working electrode
(anode) and the other one being the counter electrode
(cathode). The anodizing process was carried out in
300 mL electrolyte of 1M H,SO4 to which 1 gL of
Al(SO4)3-18H,0 was added. The temperature was
maintained at 25+ 1 °C.

After the anodization process, the samples were
washed with deionized water and boiled in deionized
water for 5 min. at 95 °C in order for the pores to be
sealed.

(b)

Potentiostat /

Galvanostat

o
L Reference electrode
(RE)

Working electrode

______ v

Counter electrode
(CE)

Fig. 1. (a) The anodization cell set-up and (b) the electrochemical cell set-up for corrosion tests

-11-
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2.3. Characterization methods

The comparative corrosion behavior was tested
in natural sea water, harvested from the Black Sea,
Mangalia harbor. The characteristics of sea water are
presented in Table 2.

Table 2. Characteristics of sea water

pH Conductivity Salinity
[mS] [ppt]
7.63 21 12.4

The surface morphology of anodized 6061
aluminium alloy was compared with that of polished
metal surface using the optical microscope OPTIKA
XDS-3 MET.

The optical microscope images were recorded to
establish the interaction of sea water environment
with the surface of 6061 aluminium alloy. After the
immersion of untreated and anodized 6061 aluminium
alloy in natural sea water, the surface morphology
was compared to the images recorded before
immersion.

Electrochemical tests were carried out using a
VoltaLab PGZ 100 potentiostat/galvanostat. It was
used a conventional three-electrode cell shown in Fig.
1 (b) consisting of 6061 aluminium sample as
working electrode (WE), an Ag/AgCl (saturated
solution of KCI, E=199 mV vs. Standard Hydrogen
Electrode) as reference electrode (RE) and Pt-Rh grid
as counter electrode (CE). The surface area exposed
to the electrolyte was about 1.7 cm? The
electrochemical methods applied were: open circuit
potential, potentiodynamic polarization and cyclic
voltammetry.

\ "‘\‘.'; t:!"
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3. Results and discussion

3.1. Surface characterization of the
coatings before and after anodic oxidation

Fig. 2. displays the comparative surfaces
morphologies of untreated 6061 aluminium alloy and
6061 aluminium alloy after the anodic oxidation
treatment.

From Fig. 2 (a) it can be observed that the
surface of untreated 6061 aluminium alloy is
characterized by irregular shape with no homogenous
distribution. Fig. 2 (b) shows the typical surface of
6061 aluminium alloy after the anodic oxidation in
1M H2S04 to which 1g/L Alx(S04)318H,0 was added
for 45 min at a constant current density of 15
mA/cm?.  Anodizing time, current density and
electrolytes are important parameters in determining
the film thickness of porous alumina. The specified
parameters are established after many experiments
regarding the current density and time of the
anodizing process.

After oxide film formation, the samples were
boiled in deionised water for 5 min. at 95°C to obtain
a real barrier oxide layer with closed pores. From Fig.
2 (b) it can be observed that the anodized aluminium
surface presents a rough surface. The anodic film
generated on the 6061 aluminium alloy appears to be
more regular, with relatively straight pores and
continuous cell walls. This occurs because the
oxidation of the major alloying element, magnesium,
proceeds immediately with aluminium and does not
induce oxygen generation within the barrier layer and
consequent lateral porosity [8].

3 [ Bt e S,

Fig. 2. Optical micrograph of 6061 aluminium alloy (a) before and (b) after the anodic treatment

3.2. Evolution of open circuit potential
(OCP)

When an electrically conductive material is
immersed in an electrolyte, a potential difference

called electrode potential appears at the solution
material interface. The analysis of the potential versus
time offers useful information about the behavior of
material in contact with a wet corrosive environment.
In Fig. 3. is shown the evolution of the open circuit
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potential (OCP) of untreated 6061 aluminium alloy
and anodized 6061 aluminium alloy.
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A
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—(2) Anodic Al,04 layer
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Fig. 3. Evolution of open circuit potential for:
(1—) untreated and (2—) anodic oxidized 6061
aluminium alloy in sea water

From Fig. 3 it can be observed that the potential
of anodic aluminium oxide layer is stable around -425
mV vs. Ag/AgCl. After the immersion of untreated
6061 aluminium alloy in sea water it can be observed
that the potential initially decreased rapidly because
of dissolution of air-formed aluminium oxide and
after that, the potential is stabilized around 660 mV
vs. Ag/AgCI. This trend was observed also by F.J.
Garcia-Garcia et al. [9] when they studied the
influence of Ni on corrosion behaviour for 1050
aluminium alloy.

The open circuit behaviour during immersion
time indicates that the anodized 6061 aluminium
alloy shows more noble and stable corrosion potential
value compared to the untreated aluminium alloy.
This behaviour of ennoblement of corrosion potential
by controlled oxide film formation was also observed
by L. Benea et al. [10] when they studied the
influence of anodic oxidation on the corrosion
behaviour of Ti-6Al-4V alloy in physiological fluids.

3.3. Potentiodynamic polarization

The diagrams | = f(E) (intensity-potential
curves) shown in Fig. 4 were recorded in a range of
potentials starting from -1.2 V to +0.2 V vs. Ag/AgCl
at a scan rate of 5 mV/s. Corrosion current density is
an important parameter to evaluate the kinetics of the
corrosion reactions [11].

The polarization curves were performed to
assess the polarization domains for the untreated and
anodized 6061 aluminium alloy after immersion in
the natural sea water. If the passive state covers a
higher potential domain and the passivation current
value is smaller, then the metal or alloy shows a high
corrosion resistance.

From Fig. 4 it can be observed that for both of
the studied surfaces, the cathodic domain is not

present. For anodized 6061 aluminium alloy, the
passive current density is very low, being close to
zero, indicating a good corrosion resistance for the
entire studied domain. For untreated 6061 aluminium
alloy, the passive domain is ranged between -1.2 V
vs. Ag/AgCl and -0.4 V vs. Ag/AgCI and after that
the transpassive domain is observed, where the
current density increases since this is a transpassive
dissolution. In this domain, the passive film is
dissolved and loses its protective properties and even
disappears at high potential values.

12
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Fig. 4. Potentiodynamic diagrams for: (1—)
untreated and (2—) anodic oxidation 6061
aluminium alloy. Layer (A) gives the entire

potential domain scanned while layer (B)
provides the zoom of recorded diagrams in the
passive domain.

From the polarization diagrams by applying the
Stern Geary formula (Equation 1) there were
calculated the polarization resistances and corrosion
current densities. For simple corrosion systems, the
corrosion reactions are strictly controlled by charge
transfer and the corrosion current density (icorr) Can be
correlated with the polarization resistance (Rp) by
Equation (1).

icor =5 @)

Where: the corrosion rate (icorr) IS expressed as
corrosion current density in A / cm? and B is a
constant related to the system material environment
given by the relation:

b, [o,]

=— " )
2,303(b, +b,)
Where: b, and b are the Tafel slopes for anodic
and cathodic reactions.
The increase of polarization resistance means
the decrease of corrosion current density, therefore
the decrease of corrosion rate.
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From the polarization diagrams, the values of

corrosion current densities and polarization resistance

for both surfaces are presented in Table 3.

Table 3. The values of corrosion current densities and polarization resistance

Polarization Corrosion
NI; Type of surface resistance current density
cr
[kohm-cm?] [ LAl cm?]
1 | Untreated Al alloy 17.2 0.5
2 | Anodized Al alloy 3160 0.0016

The polarization resistance increases from 17.2
kohm-cm? for untreated 6061 aluminium alloy to

3.16 Mohm-cm? for anodized aluminium alloy. The
corrosion current density decreases from 0.5 pA/cm?

for untreated 6061 aluminium alloy to 0.0016 wA/cm?
for anodized aluminium alloy.

3.4. Cyclic voltammetry

The cyclic voltammograms (Fig. 5) of untreated
and anodized 6061 aluminium alloy were recorded in
the potential range of -1.2 V vs. Ag/AgCl to +0.2 V
vs. Ag/AgCl at a scan rate of 5 mV/s and then
reversed with the same scan rate till the starting
potential to form one complete cycle.

The highlighted areas with localized corrosion
susceptibility can be seen very well due to the
specific hysteresis aspect, in the presence of chloride
ions, which presents the anodic transpassivation part
of the untreated 6061 aluminium alloy curves [6]. The
specific hysteresis aspect indicates that untreated
6061 aluminium alloy is susceptible to pitting and
crevice corrosion in  marine environment. In
comparison with untreated aluminium alloy, anodized
aluminium does not reveal pitting corrosion
susceptibility behaviour, since the specific hysteresis
aspect is completely missing [12].

From Fig. 5 it can be observed that upon the
onset of the transpassive region, the current still raises
up until the potential is reversed in the case of
untreated 6061 aluminium alloy immersed in

L TR0, A AT

seawater, indicating a susceptibility to pitting
corrosion. On the other hand, for anodized 6061
aluminium alloy, the potential remains constant on
the entire studied range of potential.
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Fig. 5. Cyclic voltammetry for: (1—) untreated
and (2—) anodic oxidation 6061 aluminium
alloy untreated and anodized 6061 aluminium
alloy

3.5. Surface morphology after corrosion
tests

The optical microscopy images of freshly
polished surface of 6061 aluminium alloy are given in
Fig. 2 (a), which shows a polished surface with a few
scratches because of polishing and anodized surface
of 6061 aluminium alloy in Fig. 2 (b).

ey b > BL S

Fig. 6. Optical microscopy after corrosion in sea water for: (a) untreated 6061 aluminium alloy; (b)
anodized 6061 aluminium alloy
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After the corrosion tests, the surface Acknowledgements
morphologies of untreated and anodized 6061
aluminium alloy was recorded and are given in Fig. 6 UEFISCDI - Ministry of Education and

(@). and Fig. 6 (b).

The image of corroded sample presented in Fig.
6 (a) shows the degradation of untreated 6061
aluminium alloy with more and less uniform attack in
natural sea water. From Fig. 6 (b) it can be observed
that the anodic oxide layer formed after anodic
treatment does not undergo any corrosion attack.

4. Conclusion

In this work, the corrosion resistance of
untreated and anodized 6061 aluminium alloy was
studied by electrochemical  methods. The
electrochemical methods and surface morphology
characterization showed that the anodic oxidation
treatment enhanced the corrosion resistance due to the
formation of a continuous adherent alumina layer on
the aluminium alloy surface.

Electrochemical ~ methods for  corrosion
resistance evaluation are ideal tools for obtaining
detailed information about the characteristics of the
anodized aluminium alloy compared to the untreated
alloy. They can quantify the changes of the barrier
layer with immersion time.

The polarization resistance increases from 17.2

kohm-cm? for untreated 6061 aluminium alloy to

3.16 Mohm-cm? for anodized aluminium alloy.

The corrosion rate decreases from 0.5 wA/cm?
for untreated 6061 aluminium alloy to 0.0016 wA/cm?
for anodized aluminium alloy.

From the cyclic voltammograms of both studied
surfaces it can be observed that the untreated 6061
aluminium alloy presents the specific hysteresis
which indicates the susceptibility to pitting and
crevice corrosion in comparison with anodized
aluminium alloy.

The better corrosion resistance of anodized
oxide layer formed on aluminium alloy results is
confirmed by the optical microscopy images obtained
after corrosion tests.
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ABSTRACT

Steel is the most important alloy used in oil and gas industry from production
and processing to the distribution of refined products. In this research is analyzed
the production technology of steel intended for long pipeline used in conveying gas
and oil in the natural gas and oil industries. Data from 14 melts were analyzed. The
basic oxygen furnace (BOF) is used for steelmaking. The secondary refining
processes were conducted at the ladle furnace station by forming an active ladle
slag and using the mixing of bath with argon. Steel degassing is conducted in RH
vacuum degassing equipment. The variation of chemical composition, especially the
content of carbon, oxygen, and hydrogen, was analyzed according to parameters of

industrial technology.

KEYWORDS: steel, pipeline, oil and gas industry, secondary refining

treatments

1. Introduction

High grade steels with special properties must
be utilized in oil and gas industry [1, 2]. These steels
are produced in the basic oxygen furnace (BOF) and
then mill rolled. The thick sheets of steel are obtained
in order to make pipes that work in adverse
temperature conditions to transport oil and natural gas
in oil and gas industry.

The cleanness assessment of high quality steels
is provided through refining treatments developed in
secondary steelmaking steps. These treatments are
performed in ladle furnaces (LF) and in RH vacuum
degassing units, pieces of equipment typically used in
the mass production of high-purity steel in integrated
steel mills plants. The most important functions of
secondary refining are final desulphurization,

degassing gas components such as oxygen, nitrogen,
hydrogen, etc., removal of inclusions and final
decarburization (for ultra-low carbon steel) [3-6].

In this research the refined treatments applied to
molten steel before continuous casting were
conducted in a ladle furnace. Moreover, the vacuum
treatment is performed in a RH degassing station.

2. Experimental research

The chemical composition and mechanical
properties of the steel suitable for long pipeline used
in conveying gas and oil in the natural gas and oil
industries in accordance with APl SPEC 5L
specification of standard [7] are given in Tables 1 and
2.

Table 1. Chemical composition of X65 steel grade (wt.%)

C Si Mn P S Al V Mo Nb Ca | H2* | No2*
0.06- | 0.25— | 1.40—- | 0.018 | 0.006 | 0.02— | 0.01— | 0.04—- | 0.07— | 0.04— | 0.002 | max. | max.
0.09 0.35 1.55 0.05 | 0.016 | 0.055 | 0.010 0.06 3.0 | 0.0070
* ppm

The specific temperatures of X65 steel grade are
the following: liquidus temperature 1521 °C;
optimum tapping temperature 1546 °C; maximum

casting temperature 1580 °C. The steel was made in a
basic oxygen furnace (BOF). The primary raw
materials were pre-desulfured liquid hot metal (S =
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0.006%) and steel scrap in balance. A ladle furnace
(LF) with the capacity of 180 t of steel was used for

refining molten steel. Data from 14 melts were
analyzed. In the LF the steel was reheated.

Table 2. Mechanical properties of X65 steel grade

v | ome [ [ oA [ TR e
[MPa] [MPa] [MPa] [9%6] 1] '
> 240 > 448 >531 19-23 18
The temperature was properly adjusted  stirred by means of argon gas bubbling. The volume

depending on requirements. An active ladle slag with
basic characteristics and physical properties adapted
to the temperature close to the liquidus temperature of
steel was used for liquid steel coverage during
treatment. The literature recommends for carbon
aluminum-Kkilled steels the slag of the system CaO —
Al,O; — SiOy: 45 — 60% CaO, <10% MgO, 25-40
AlyO3, <20% SiO», <0.5% (FeO+MnO) [8-10].

During treatment, argon is continuously stirred
in liquid steel. So the metallurgical reactions such as
deoxidation, desulphurization and removal of oxide-
inclusions can be managed. All these steps have
allowed to precisely adjust the final chemical
composition and to obtain the quality required for the
steel.

To remove hydrogen and nitrogen from molted
steel, RH vacuum unit was used. Before degassing,
the reactor was cleaned to remove crusts and then
preheated to over 1000 °C. The ladle freeboard was of
about 600 mm. To achieve a homogeneous bath
temperature and composition, the steel in the ladle is

of argon stirring gas varied in the range of 3.5 — 6.7
Nmd/t. The recirculation of liquid steel started when a
vacuum of 20-30 torr was reached. After 6-8 minutes
when the 1 torr depression was reached, the addition
of microalloying and deoxidizing materials has been
initiated. The materials addition procedure lasted for
8-10 minutes. In the end, the molten steel temperature
and the chemical composition were homogenized for
a period of 5 minutes.

3. Results and discussion

The chemical composition of the steel after
tapping from BOF and in LF is given in Table 3,
respectively in Table 4. Adding alloy additives in the
form of ferroalloys into steel is one of the most
important stages of secondary metallurgy. During LF
treatment the chemical composition was corrected by
Ti, V, Nb Mo.

Table 3. Chemical composition of steel after tapping from BOF (wt.%)

No. melt C Mn P S Si Al Mo
1 0,04 1.18 0.011 0.012 0.12 0.005 -
2 0.04 1.24 0.011 0.010 0.30 0.008 0.077
3 0.03 0.90 0.010 0.010 0.25 0.006 0.070
4 0.03 1.14 0.010 0.012 0.23 0.006 0.084
5 0.03 0.58 0.008 0.010 0.12 0.003 0.072
6 0.03 1.08 0.009 0.010 0.19 0.008 0.085
7 0.04 0.75 0.008 0.009 0.20 0.013 0.080
8 0.04 0.84 0.008 0.012 0.18 0.005 0.080
9 0.03 1.13 0.009 0.010 0.20 0.010 0.084
10 0.04 1.29 0.008 0.010 0.21 0.006 0.083
11 0.04 1.24 0.009 0.012 0.29 0.008 0.083
12 0.06 1.35 0.009 0.011 0.21 0.006 0.083
13 0.03 1.07 0.007 0.010 0.15 0.005 0.073
14 0.03 1.10 0.008 .008 0.17 0.006 0.074
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Table 4. Chemical composition of steel in the LF station, (wt.%)

No. Chemical composition (wt.%0)
melt C Si Mn P S Al Ti \Y Mo Nb Ca
1 0.08 0.27 1.49 | 0.017 | 0.005 | 0.024 | 0.005 - 0.068 | 0.030 -
2 0.07 0.33 1.45 0.019 0.009 0.026 0.017 0.027 0.083 0.035 -
3 0.08 0.26 1.52 0.013 0.010 0.044 0.011 0.033 0.073 0.040 0.0008
4 0.07 0.33 1.45 0.017 0.009 0.054 0.019 0.032 0.085 0.040 -
5 0.05 0.26 143 | 0.010 | 0.010 | 0.054 | 0.015 | 0.027 | 0.074 | 0.035 -
6 0.05 0.33 150 | 0.017 | 0.008 | 0.044 | 0.010 | 0.032 | 0.090 | 0.039 | 0.0030
7 0.06 0.289 1.38 0.015 0.007 0.035 0.019 0.025 0.083 0.030 | 0.00018
8 0.07 0.25 1.50 0.017 0.012 0.020 - 0.025 0.080 0.033 0.0010
9 0.07 0.26 1.49 0.014 0.009 0.037 0.012 0.032 0.085 0.040 0.0005
10 0.07 0.25 1.50 0.011 0.008 0.036 0.012 0.032 0.083 0.036 0.0005
11 0.07 0.28 1.59 0.011 0.010 0.046 0.014 0.032 0.083 0.037 0.0005
12 0.07 0.26 1.50 0.011 0.009 0.050 0.013 0.032 0.083 0.042 0.0001
13 0.07 0.37 1.57 0.016 0.007 0.033 - 0.029 0.077 0.037 0.0004
14 0.08 0.33 1.44 0.013 0.007 0.021 0.019 0.024 0.075 0.034 0.0002
Table 5. Aluminium and oxygen contents of steel after RH refining
No. ,OAI Oxygen
[%0] [Ppm]
1 0.034 2.5
2 0.049 2.9
3 0.048 2.1
4 0.042 2.2
5 0.040 2.4
6 0.043 2.9
7 0.037 2.4
8 0.040 3.0
9 0.035 2.5
10 0.041 3.1
11 0.045 2.5
12 0.043 2.4
13 0.038 2.6
14 0.033 25
Table 6. Hydrogen content during refining treatment, in ppm
Time of the test
InLF In RH
No. Initial H Final H Initial H Final H content H content at
content at contentat | content after .
: L at output from continuous
tapping output feeding into RH station casting machine
from BOF from LF RH station g
1 6.2 6.5 6.5 1.4 1.4
2 6.7 7.0 7.0 1.7 1.7
3 7.1 7.3 7.3 2.3 2.3
4 7.0 7.4 7.4 2.4 2.4
5 6.6 6.9 6.9 1.9 1.9
6 10.1 10.6 10.6 3.5 35
7 6.8 7.1 7.1 2.2 2.2
8 6.7 7.0 7.0 2.3 2.3
9 6.4 6.8 6.8 1.7 17
10 6.9 7.0 7.0 2.1 2.1
11 6.3 6.6 6.6 2.0 2.0
12 6.2 6.5 6.5 1.7 1.7
13 6.7 6.9 6.9 2.1 2.1
14 6.5 6.8 6.8 1.8 1.8
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The deoxidizing agents SiCa and Al have been
added to the melt and blowed argon was used to stir
liquid steel.

The ferroalloy purity has influence on the
quality of steel. This is obvious as the ferroalloy
additives are added at the final stage of steel melting.
High total oxygen content in ferroalloys inevitably
affects the purity of steel [11]. For oxygen removal a
supplementary treatment is efficient. So, after

refining, the molten steel was transported to RH
vacuum degassing unit for secondary refining.
Particles of Al were added in the RH station for the
final deoxidation. So the oxygen content was reduced
(Table 5).

The degassing under vacuum leads to a decrease
in hydrogen content by 50 - 70% (Table 6).

The chemical composition of the steels after RH
treatment is shown in Table 7.

Table 7. Chemical composition of steel after RH refining process, (wt.%)

No. C Si Mn S Al Ti \Y
1 0.09 0.29 1.53 0.018 0.005 0.034 0.014 0.001
2 0.07 0.30 1.45 0.018 0.008 0.038 0.010 0.030
3 0.08 0.26 1.52 0.013 0.010 0.044 0.011 0.033
4 0.07 0.30 1.43 0.016 0.009 0.040 0.012 0.032
5 0.07 0.26 1.48 0.011 0.008 0.040 0.014 0.028
6 0.06 0.32 1.47 0.015 0.007 0.030 0.014 0.031
7 0.06 0.32 1.40 0.012 0.009 0.038 0.011 0.025
8 0.07 0.25 1.45 0.015 0.009 0.035 0.010 0.027
9 0.07 0.26 1.49 0.014 0.009 0.037 0.012 0.032
10 0.07 0.25 1.50 0.011 0.008 0.036 0.012 0.032
11 0.07 0.28 1.59 0.011 0.010 0.046 0.014 0.032
12 0.07 0.26 1.50 0.011 0.009 0.050 0.013 0.032
13 0.08 0.33 1.50 0.014 0.009 0.032 0.012 0.030
14 0.07 0.31 1.40 0.010 0.008 0.040 0.010 0.025

Table 7. Chemical composition of steel after RH refining process, (wt.%) (continuation)

No. Cu Ni Cr Mo Nb N Ca
1 0.010 0.010 0.020 0.070 0.035 | 0.0054 | 0.0015
2 0.010 0.025 0.030 0.085 0.036 | 0.0075 | 0.001
3 0.015 0.010 0.020 0.070 0.040 | 0.0100 | 0.0001
4 0.005 0.005 0.030 0.085 0.039 | 0.0066 | 0.0001
5 0.010 0.010 0.015 0.076 0.037 | 0.0063 | 0.0007
6 0.010 0.010 0.010 0.085 0.034 | 0.0068 | 0.0001
7 0.010 0.010 0.010 0.080 0.032 | 0.0076 | 0.0020
8 0.005 0.005 0.015 0.080 0.33 0.0067 | 0.0001
9 0.005 0.005 0.010 0.085 0.040 | 0.0085 | 0.0005
10 0.005 0.005 0.015 0.085 0.036 | 0.0080 | 0.0005
11 0.005 0.005 0.015 0.083 0.037 | 0.0069 | 0.0005
12 0.010 0.010 0.010 0.083 0.042 | 0.0095 | 0.0001
13 0.010 0.010 0.015 0.074 0.035 | 0.0080 | 0.0001
14 0.010 0.010 0.010 0.075 0.033 | 0.0062 | 0.0001
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The steel is discharged from the overheated
converter. Ferroalloys and fluxes added to the steel in
the LF and RH station affect its temperature.

Also the steel tapping and transport of ladle for
further treatment lead to heat losses (Table 8 and
Figure 1).

Table 8. Temperature of the molten steel at different locations (°C)

Fig. 1. Temperature variation

At tapping from BOF, the carbon content of
steel was below the values from standard
specification (0.06 — 0.09%). The addition of a large
amount of alloys in LF leads to an increase of carbon
(Figure 2).

This allows for the additions of ferroalloys in
the next stages of treatment without exceeding the
prescribed final concentration.

No. after tapping from BOF | in the LF station | after RH refining
1 1617 1586 1570
2 1595 1565 1600
3 1638 1601 1573
4 1632 1603 1580
5 1619 1597 1572
6 1608 1620 1594
7 1579 1590 1569
8 1591 1620 1592
9 1619 1599 1571
10 1618 1633 1597
11 1575 1616 1584
12 1570 1601 1576
13 1610 1600 1578
14 1604 1595 1569
1660
1640
1620 - (
,g
w— 1600 A B - BLD
= I oLF
s 1580 A i —l — [ORH
8 _
S
(5]
= 1560 -
1540 A
1520 - L L L L L e
1 2 3 4 5 6 7 8 9 10 11 12 13 14
No. melt

of molten steel during treatments

Additional decarburization was carried out in
the vacuum vessel.

The carbon is removed as carbon monoxide
according to the reaction [C] + [O] — {CO}.

So, oxygen and carbon contents are
simultaneously reduced.
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Fig. 2. Carbon concentrations of steel X 65

The hydrogen removal from liquid steel during  bellow the limit prescribed of 3.0 ppm. Only an
vacuum degassing was possible (Figure 3). exception was reported.
In the end, the steel has got hydrogen content

Hydrogen content [ppm]

12
10
8
PRRET T | [— o | [minputLF
5 I [ | o Output LF
o Input RH
mOutput RH
4 —
2 =
0 l
1 2 3 4 5 6 7 8 g 10 11 12 13 14

No melts

Fig. 3. Hydrogen content in molten steel in accordance with refining treatments
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4. Conclusions

The requirements with respect to carbon,
oxygen, hydrogen and sulfur (phosphorus) content of
the final product make necessary the application of
secondary refining treatments. In this case LF refining
process and vacuum degassing in RH station were
chosen.

The steelmaking technology (BOF steelmaking
LF and RH treatments) is able to ensure appropriate
temperature conditions for continuous castings. The
final temperature of molten steel was in range of 1570
— 1600 °C. Decarburization rate was satisfactory for
the low carbon steel produced in a basic oxygen
furnace and refined in a ladle furnace and an RH
installation. The carbon content of steel obtained
varied within the range of 0.06 — 0.09% required by
standards.

The final concentration of oxygen shows that
the improvement of metallurgical purity was
guaranteed by vacuum treatment at the recirculating
degassing system. This has ensured the decreasing of
the total oxygen content in steel as in accordance with
the application field (between 2.1 and 3.0 ppm). Also,
this supplementary treatment proves to be effective
for hydrogen removal. The hydrogen removal rates

are calculated by relation [Hi]_[]HfJ.loo (%) -

Hi
when [H;] is the initial hydrogen content of the steel
measured after tapping from BOF and I_HfJ is the

final hydrogen content of the steel measured after
vacuum treatment. These values vary between 65.34
to 77.42 %. They indicate the efficiencies of

recirculating systems for the removal of hydrogen
from steel.
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RESEARCH ON THE BEHAVIOUR OF THE TOOTH - CROWN
ASSEMBLIES MADE OF DIFFERENT METAL MATERIALS IN
SOLUTIONS SIMULATING THE ORAL ENVIRONMENT
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ABSTRACT

One of the basic principles of restorative dentistry is the conservation of the
hard dental structure, while satisfying both aesthetic and functional requirements.
Complying with this principle will minimize the harmful effects caused by the
diversity of works and materials. There are numerous studies that aim to determine
the behavior of different types of materials in the complex environment of the oral
cavity, but a small number are those that relate to the changes that occur in the
underlying dental hard tissues represented by dental abutments. Experiments were
performed on extracted teeth prepared by grinding. On the polished abutments,
crowns of three alloy types were made, namely: Cr- Co, Cr-Ni, and copper alloys.
The crowns were cemented onto the abutments with a glass ionomer cement and
subsequently immersed and maintained in solutions simulating the specific
conditions of an oral environment (also called artificial saliva) of the type: Ringer
Fusayama-Mayer and citric acid. After a period of six months, the ablation of
crowns was achieved and comments were made on the changes in the abutments
and also in the crown envelopes.

KEYWORDS: hard dental tissue, dental alloy, artificial saliva, metal crowns

1. Introduction

Progress over time in restorative dentistry art
and science can be largely attributed to the dynamics
of materials development and evaluation of
interaction between material and oral tissues [2, 3, 6].
Numerous research studies are focused generally on
the knowledge and enhancement of physical,
chemical and mechanical properties of the dental
materials, but how they interact with the environment
of the oral cavity has yet many unknown aspects. The
fixed prostheses, so-called connectives, play a role in
the reconstruction of the affected dental crowns and
in the replacement of a limited number of absent teeth
[3-5].

They are secured by cementing them to the
abutments, previously processed by grinding, and are
made from metal, acrylics, ceramics or mixed
materials.

Micro prostheses of crown cover (envelope)
type are all made of materials using different
technologies and techniques; the non- physiognomic
metal prostheses are made of different alloys and the
metallic or physiognomic ones are made of ceramic,

composite materials or acrylic resins [14]. Mixed
crowns [11, 12, 14-16, 18, 19] combine the
advantages of both materials, are the most often used
and, depending on the veneering material, can be
metal-ceramic, metal-composite, metal-acrylic or
made of ceramic on zirconium support.

The dentist choses between a restorative
prosthesis or another, depending on the type of
restoration. Moreover, from his dental practice, the
dentist notices that there is a significant difference in
the macroscopic appearance of the dental hard tissues
in different patients, even when prosthetic restoration
was done with the same material and at the same time
[6, 7, 11].

By removing the prosthetic work, it can be
clinically seen that sometimes weaker materials in
terms of their general characteristics, such as copper
based alloys or acrylic resins, have a greater influence
on the dental abutments than others. Therefore, there
is the question of taking into account both issues such
as the preparation, marginal closing or the type of
cement chosen as major factors responsible for the
success of prosthetic restorations [12, 19]. Studies on
the behavior of different types of metal materials in
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the complex environment of the oral cavity are
considering how salivary pH requires choosing a
particular material for restoration [17, 20]. On the
other hand, there are a lot of clinicians, and they
should be paid attention to, who noticed that after the
ablation of partially fixed dentures, the hard dental
structures were affected, putting it on account of the
material the prosthetics is made of.

2. Materials and experimental conditions

We used prosthetic restoration materials
commonly used for coronary restoration by envelope
micro prosthesis restoration. The study conducted

over a period of 6 months sought to identify changes
in the morphological aspect of the dental hard tissues
and alloys in the metal parts under the influence of
the oral environment.

Extracted natural teeth were prepared by
grinding. After preparing the abutments, metallic
crowns (Table 1) were cemented to the abutments and
the assembly was then immersed into three types of
artificial saliva. After a period of 6 months since the
cementing, the crowns were removed and the changes
were studied. The morphologic appearance and the
surface details of the dental structures and crown
envelopes were highlighted using stereo microscope
AxioCam ERCS5s [6, 7] and microscopy analysis.

Table 1. Chemical composition of the alloys studied [%]

Chemical
omposition
Ni Cr Mo Si Fe Cu Al | Mn | Zn
Alloy
Ni-Cr (Niadur) 58-64 22-27 10-12 1.6-2 1.4-1.6 - - - -
Cu alloy (Orcast) 4.5 - - - 3 81.5 7 2 2

3. Experimental results and discussion

Microstructural aspects of the alloys studied in
their marketing type/state are shown in Figure 1.

Fig. 1. Microstructural Aspect of the Ni-Cr
Alloy/Niadur (X100) [6]

Full scale counts: 2623 R4{(3)_pt1 N

3000
2500
2000
1500
1000 4

0 2 4 6 8 10
keV
Weight %
Elements | C- Al- Si- Cr- Fe Ni Mo
/R4(3) K K K K K K L
P. (1) 3,29 0,25 1.04 24,78 1,34 61,91 7,39

Fig. 2. X-ray spectroscopic analysis of Ni-Cr
Alloy (the marketing state / delivery conditions
state)
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After grinding in the dental center, the teeth
have been brought to the dental laboratory for the
crown envelopes to be made. The abutments and
crowns made of metallic materials are shown in the
figure below (Fig. 4).

a. b.

Fig. 4. The aspect of dental abutments after
polishing and crown envelopes of Ni-Cr alloy(a)
and copper based alloy(b) [6]

For cementing purpose, the same type of cement
was used, compatible for cementing all types of
crowns, namely a glass ionomer, the most common
type of cement used in dentistry due to its qualities in
cementing metal crowns of Cr-Co, Cr-Ni and copper
based alloys and nonmetallic ones of acrylic resin and
zirconium oxide.

The ensemble represented by the teeth and
metal crowns was immersed into solutions that
simulate various conditions of the oral environment
(artificial saliva prepared at the Dental Materials
Laboratory of the Faculty of Medicine and Pharmacy
of UDJ Galati) whose composition and pH are as
follows [8]:

- Saliva Riger (SR): pH of 6.6;

- Saliva Fusayama Meyer (SFM): pH of 5.0;

- Citric Acid (AC): 0.5 M CgHgO7 (citric
acid) with pH of 1.81.

The teeth - crown assembly was maintained for
6 months in the saliva indicated above. The
observation after the maintenance of the sediment
indicates a slight disintegration, particularly in the
citric acid solution. Incidentally, the largest amount of
dissolved material derived from dental cement (and
maybe from the dental tissue) was obtained as a white
precipitate as a result of the chemical reactions
between the solution and the components of the tooth
- crown assembly occurring in the environment
considered to be the most aggressive, namely the
citric acid solution.

Discolouration is visible (shading), particularly
with copper based alloys, and is higher in citric acid
solution.

Fig. 5. Tooth — crowns assembly
after 6 months of maintenance in citric acid
solution

The main modification is the presence of
cement film of variable thickness and aspect /
consistency according to the type of artificial saliva
and the type of crown shell/envelope.

EDS analysis (Fig. 6, 7) of the samples taken
from crown envelopes reveals, especially in the case
of the copper based alloys, the presence of impurities
(mainly oxide inclusions) but they were also
highlighted in the case of Ni-Cr or Co-Cr alloys,
proof of the long presence of the alloy in contact with
the atmosphere during the melting-casting operations.
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Fig.7. X-ray spectroscopic analysis of the chemical composition of samples of Cu-alloy
(Samples of metal crown)

Table 2. The chemical composition of the Copper Alloy, (%)

F2(2) | C- O- F- Al- Si- P- S- | Cl- | K- | Ca- [ Mn-| Fe- | Ni- | Cu- | Zn- | As- | Sn-
K K K K K K K K K K K K K K K K L

_ptl | 649 | 28.69 | 0.26 | 10.48 | 0.72 | 0.70 | 0.39 | 2.19 | 0.48 | 0.43 | 0.37 | 2.23 | 0.66 | 45.92

_pt2 | 567 | 2494 | 0.82| 1012 | 0.39 | 048 | 033 | 145 | - |040| - | 1.85]| 0.69 | 52.86

_pt3 | 133 | 631 |011| 257 - - | 03708 | - - | 065|252 | 096 | 84.33

_pt4d | 284 | 5145 | 0.95 | 15.05 - - 117 | 4.89 - 0.36 - 157 | 0.84 | 16.20 | 0.84 | 0.64 | 3.21

_pt5 | 563 | 26.74 | 0.61 | 10.88 | 0.32 | 0.35 | 0.39 | 1.66 - 0.23 - 244 | 0.75 | 49.99 -

There are also present microporosity and
solidification shrinkage voids, casting system defects
which are transmitted to the crown envelopes
affecting its strength and the assembly as a whole.

EDX spectroscopy analysis (Fig. 6) shows high
contents of oxygen, silicon and aluminum (Pt.1) in
areas where the proportion of basic elements (Ni and
Cr) decreases significantly. The analysis performed
within the matrix indicates the initial composition of
the alloy in the range indicated by the manufacturer
(Pt.2 and pt.3)

4. Conclusions

The paper presents an important subject in
restorative dentistry practice. The research studies
made show the lack of rigor in the processing of the
alloys, by highlighting defects (oxidation) that can
affect the quality of conjunct fixed prostheses built
from different metal materials. The study of changes
recorded on the abutments under prosthetic bridges
composed by crowns made from different alloys but
also the metal crown, ended with the conclusive
results that firstly confirm the influence of oral
environment on materials (shading) and secondly the
importance of respecting technological conditions of
processing for achieving the metal component
without defects. It was highlighted the different
behavior of restoration materials under the influence
of pH saliva (the most acid saliva determined
accentuated color changes to metallic materials,
particularly visible in copper alloys). EDX

spectroscopy analysis on samples taken from the
crown, from all alloys (but especially copper based
alloys) confirms the presence of impurities (mainly
oxides), proof of the long-standing contact with the
atmosphere of the alloy during processing.
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ABSTRACT

The experiments conducted to obtain a thin layer of nitride through the
vapour chemical deposition method have followed an original path to obtain TiN
directly in the working room thus avoiding the import of these hazardous
substances. In this paper, the protective behaviour of titanium nitride coatings onto
hard carbide substrate was investigated using scanning electron microscope (SEM),
X-ray diffractometer (XRD) and Knoop hardness. Scanning Electron Microscope
was used to investigate the coating morphology and interface structure. X-ray
mapping was also performed to characterize the elements in a semi-quantitative
analysis. Dron X-ray diffractometer with Mo K. radiation operating was used for
phase(s) identification. Microhardness value (Knoop hardness) measured in the
coating layer was 28.000 MPa. CVD TiN coatings usually show only moderate or
even poor corrosion protection for hard carbide substrates.

KEYWORDS: thin layer, titanium nitride, protective coatings, corrosion,

microhardness

1. Introduction

Titanium nitride coatings find extensive
applications in tribilogical, mechanical and even
decorative applications. CVD TiN coatings usually
show only moderate or even poor corrosion
protection for hard carbide substrates. The poor
corrosion performance is not due to the intrinsic
corrosion behaviour of the nitride coating itself. It
results from small structural defects, pores and crack
formed during or after deposition, which act as
channels for the corrosion of the substrate. We
investigated the corrosion tests in water of titanium
nitride coatings elaborated by the CVD process.

If the vapour chemical deposition takes place
within a tubular continuous reactor, a gas carrying the
reacting species is passed over the sub-layer. At the
sub-layer surface, the reacting elements undergo a
number of chemical reactions leading to product
formation. Part of the products are deposited on the
sub-layer and part of it goes back to the gas stream [1,
2].

Before examining the vapour chemical
deposition reactions, it must be determined if the
reaction is possible thermodynamically. The reaction
will be possible thermodynamically if the calculated
concentrations (partial pressures) of the reactants,

under equilibrium conditions, are less than their
original concentrations.

The  calculation of the  equilibrium
concentrations from the equilibrium constant involves
a good choice of the number of gas spaces which can
be higher than two and the number of independent
relations. A relation implies the equilibrium
expression depending on the free standard reaction
energy and temperature.

The other relation consists in that the system
pressure is the sum of the partial pressures. If some
reactants possess more than one valence state, the
reaction should contain the reactant under its most
stable valence state [3, 4].

During the corrosion test in water, samples
covered with TiN channel are stronger compared to
uncoated samples TiN [5, 6].

Hard alloys made out of metallic carbides
manufactured at an industrial scale for cutting
processing can be divided into two categories, to
investigate the coating morphology and interface
structure. X-ray mapping was also performed to
characterize the elements in a semi-quantitative
analysis. Dron X-ray diffractometer with Mo K,
radiation operating was used for phase(s)
identification. The microhardness tests show that we
have TiN, value HVogs = 28 000 MPa is in good
agreement with the data from the literature.
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2. Characterization

The characterization of the coating deposed by
CVD method was done using scanning electron
microscope (SEM), X-ray diffractometer (XRD). The
TiN coated plates feature higher endurance
capabilities than those uncoated for the same cutting
speed hoth for steel and white cast iron.

The parameters of the cutting conditions were
chosen in the range of the values used on the working
machines at Arcelor Mittal Steel Galati.

Table 1. Domains of the parameters values of
the cutting conditions

Plate typa | Processed n v 3 t
material | [rotiman] | [monfmin] | [rowiot] | (o]

430 110 0,096 0,5

P— 500 1z 0,096 0,5
1504028 | rhie 530 13 0,096 0,5
K20 caston M 140 0,086 0,5
10 140 0096 0,5

£30 154 0,096 0,5

In Table 1 the values of the parameters of the
cutting conditions are shown, where: n: rotation speed
[rot/min]; v: speed cutting [mm/min]; s: advance
[mm/rot]; t: deep cut [mm].

The operation of the latter is based on a housing
which cuts the deposited TiN layer. Samples for
metallography were prepared by polishing, this
prevented damage to the dissimilar interface (strate —
substrate) during polishing. SEM was also used.

3. Results and discussion

The optimum layers in the cutting process are
the TiN layers. Having thickness within 4-10 um
above these values, the layers lose tenacity and
become fragile. As a result of the thermal treatment
which means heating up to 1050 °C degrees for
various exposure times, layer thickness within 3.5-10
um was achieved [7]. The thickness of the thin layers
increases with the time of exposure to the working
temperature as illustrated in Fig. 1.

The micro-hardness of WC-TIC-Co alloys is
affected by a large number of elements connected to
the raw material, purity and component dispersion in
the alloy and the solid solution quality and grain size
of components.

[wm] ¢
151
141
13
o 11
% 10}
= 9
b sl
&3
[
5: O Tin layer of pure Ti
g_ ) TiM layer of ferrotitanium
=
1 1 1 | | | | | >
1 2 3 4 5 6 7
— time [h]

Fig. 1. The thickness of the thin TiN layers
increases with time

In the factory process, these elements are
playing an ultimate role in effective micro-hardness
measurement of the material with a given chemical
composition (Fig. 2).

Fig. 2. Metallographic appearance of alloy with
82%WC, 12%TiC, 6%Co, x1500

Micro-hardness is not a constant like Vickers
hardness, in spite of the geometrical similarity, but
decreases with higher testing charges depending on
the size of the print.

Measurements were made on TiN covered thin
plates whose thickness ranges between 6, 8 and 10
um [8, 9].

Micrography, Fig. 3-5, shows an adherent layer
which is uniform and homogenous over the entire
depth [10].
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Figures 3 and 4 show the superficial aspects of
the CVD deposited layers, compared to TiN
monolayer uncovering a plate, classic appearance,
studied by electron microscopy. It is a clear
difference in crystals, in layer size, uniformity and
surface roughness [11].

In Figure 5 metallographic appearance is set for
good quality coated plates. TiN coating has uniform
thickness and the grain has a crystal columnar layer.

Fig. 3. Uncoated plate surface appearance -
SEM electron microscopy

Fig. 4. SEM image of a monolayer covered
surface plate, appearance TiN

Fig. 5. SEM images of TiN layer

The almost uniform grain isomorphic layer and
its purity ensure proper behavior at cutting premises.
The best results are obtained for layer depth of 8 um,
with homogeneous and even structure, a feature that
can be emphasized by means of diffraction pattern
analysis, Fig. 6.

100
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=]
T

TiN{111)

T=1050°C

TiN(200)
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o
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20 35 40

Fig. 6. X- ray diffraction spectrum of TiN coating
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6) presents diffraction lines which are characteristic
to the most intense peak of TiN compound and
correspond to the (200) diffraction plane [12]. The
values of the thin TiN layers as measured by the

Kalotest (Fig. 7) device are in good agreement with the
values measured by microscopic analysis but slightly
lower.

The steel ball diameter is 12 mm. Therefore, the
shell diameter is much less than that of the ball.

Fig. 7. The sphere shell of TiN by the Kalotest

e S

rag AD  HRW

spot| det —— il ——
40 [ETD i
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,.

Fig. 9. Surface appearance of covered TiN samples 6 um: a) before corrosion,
b) after corrosion
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Fig. 10. Surface appearance of covered TiN samples of 8 um: a) before corrosion,
b) after corrosion

As seen in Figures 8-10, uncoated surface
TiN samples have surface oxides by 70% if the
samples coated with the thickness of 6 um TiN
have slight traces of surface oxides on 5% non-
stick surface, and covered with TiN samples with
thickness of 8 um the surface shows no oxides. It is
noted that in corrosion test in water samples
covered with TiN, channel is stronger compared
with uncoated TiN samples [13].

4. Conclusions

These coatings have good wear resistance,
abrasion resistance, corrosion resistance and a
strong strate-substrate interface. This leads to
formation of thick and rough coating. The coating
is fine grained, adherent, dense and free from
cracks. However, some porosity is observed in the
coating layer.

The widia plates coating with thin TiN layers
entirely suppresses the inconveniences of a
relatively rough topography of the common
sintered nitrides while preserving the adequate
material mechanical strength.

The layer begins losing its tenacity if its
thickness increases considerably, exceeding the
thickness of 10 um mainly due to the lower
strength characteristics. This together with the
increase in the inner tensions results in cracks and
breakings in the layers. This has been attributed to
poor wetting characteristics.

During the corrosion test in water, samples
covered with TiN channel are stronger compared to
uncoated TiN samples.
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ABSTRACT

The life time of metallic materials used in naval transport industry is
influenced by their corrosion resistance. For utilization in shipbuilding and offshore
construction, metallic materials need to be covered with protective coatings,
especially, or different anti-corrosion protection methods need to be used. During
the last decades a series of inorganic and organic coatings was developed. Among
inorganic coatings, the most used ones are the galvanizing treatments. This paper
presents a comparative investigation regarding the corrosion resistance of uncoated
low alloy steel and galvanizing steel. Both samples have been subjected to corrosion
in sea water harvested from the Black Sea, Mangalia harbor. The electrochemical
assays were: open circuit potential (OCP), linear polarization resistance (Rp),
potentiodynamic polarization (PD) and cyclic voltammetry. The results obtained by
in situ determination were confirmed by optical microscopy. The results revealed an
improved corrosion resistance of galvanized steel in natural sea water in
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comparison with low alloy steel.

KEYWORDS: low alloy steel, galvanizing steel, corrosion behavior, marine

environment

1. Introduction

Currently, the development of naval transport
industry has become a focus point around the world,
which provides a huge marketing demand for the
metal used in ocean engineering. Therefore, there
would be a great potential to develop metals with low
cost and outstanding corrosion resistance to seawater
[1] and marine environments [2]. Most metal
structures used in sea water (ships, oil platforms,
piers, pipelines, etc.) and in close proximity to the
oceans are traditionally made of mild low-carbon and
low alloy steels and are subject to corrosion,
especially if unprotected [3, 4].

Nowadays, people have started to pay more
attention to the effect of protective layers on
corrosion resistant property, especially after the
successful development of high-tensile corrosion
resistant steel containing different layers with good
anti-corrosion properties and low price. Mild low-
carbon and low alloy steels surfaces are coated with
different types of layers such as metallic (zinc, lead,

chrome, etc.), ceramic (alumina, etc.) or polymeric
layers (layers of bitumen, epoxy-based material, etc.)
or modified with different passivation treatments
(cerium-based [5], tungsten-based [6], tin-based [1] or
chromium-based [7], etc.) for protection against
rusting.

Galvanized sheet is a type of sheet which
consists of mild steel as the base metal but coated
with zinc either by hot dip galvanizing process or
metallic coating process [8].

Hot-dip galvanized steel is increasingly used in
industry as an alternative to non-galvanized cold
rolled steel due to its enhanced corrosion resistance.
During the last decade, numerous works focused on
new galvanized coatings including magnesium and
aluminum or a combination of both in the zinc
coating [9].

Zinc is widely used for corrosion protection of
steel due to its sacrificial aim: its redox potential
being more negative (less noble) than that of steel
under the same conditions, zinc deposits behave as
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sacrificial anodes and thus offer a cathodic protection
to the steel substrate [5, 10, 11].

The ability of zinc to galvanically protect mild
steel and low carbon steel has made this metal
important from an industrial point of view. Therefore,
the compactness of galvanized coatings, which
provide mild steel with good corrosion protection, is
essential for the economic utilization of steel. The
composition and structure of the protective layer
depend on the kinds of alloying metals and corrosion
environments containing various anions such as Cl,
S04, CO32, and NOs". The good corrosion resistance
of hot dip galvanized steel products in natural
environments is due to the formation of a protective
basic zinc carbonate film on the surface of the zinc
coatings [12, 13].

Studies on the corrosion of galvanized steel
revealed that its corrosion behavior consisted of three
different stages. In stage 1, the electrochemical
behavior of galvanized steel is mainly related to the
dissolution of the zinc oxide layer which was formed
in the air. In stage 2, the surface of the zinc layer is
covered with thick, white rust and the underlying
steel begins to corrode. During this stage, the
corrosion rate of the zinc coating rapidly decreases,
accompanied by a shift in the corrosion potential to a
more noble potential. In stage 3, the amount of red
rust on the coating surface rapidly increases; the
galvanized steel shows almost the same corrosion
potential as that of carbon steel, even though the zinc
coating is still covering a few parts of the steel
reinforcement. The underlying steel corrosion
progresses by dissolution of iron and, therefore, at
this stage, the zinc coating no longer acts as a
sacrificial anode [14].

The aim of this paper was to investigate the
corrosion behavior of the low alloy steel and
galvanized steel in seawater by electrochemical
methods. The attempts are to evaluate the
contribution of zinc layer deposited on low alloy steel
to the corrosion resistance in seawater environment.

2. Experimental set-up

The corrosion experiments were performed on
low alloy steel and galvanized steel, which were
purchased from Arcelor Mittal Galati, Romania. The
mean zinc coating thickness was 6.5 um.

All samples were cut to dimensions of 25x25x2
mm. Before any experiments, the samples have been
bonded with cooper wire and isolated with epoxy
resin to obtain a measurable active surface area. The
samples were degreased with acetone and alcohol and
rinsed afterwards with deionized water.

The experiments were done using a
Potentiostat—Galvanostat PGZ 100 and the data were
recorded with VoltaMaster software. In order to

perform the corrosion experiments it was used a
standard three-electrode cell consisting of the tested
samples as working electrode, a Pt-Rh grid used as
auxiliary electrode and Ag/AgCl electrode (saturated
KCI solution, E = -200 mV vs. normal hydrogen
electrode (NHE)) as a reference electrode.

As corrosive environment it was used sea water
harvested from the Black Sea, Mangalia port area and
its characteristics are shown in Table 1.

Table 1. Black Sea water characteristics

pH Salinity Conductivity
[ppt] [mS]
7.63 12.4 21

The in-situ applied electrochemical methods
were: open circuit potential (OCP), linear
polarization, polarization resistance, potentiodynamic
polarization and cyclic voltammetry.

The surfaces were investigated on an optical
microscope type OPTIKA XDS-3MET before and
after corrosion tests in order to estimate the corrosive
effects. The optical image was performed with
software Vision Pro Plus Ver 5.0 on computer
connected to an optical microscope.

3. Results and discussions

3.1. Open circuit potential

The evolution of the steady state interface
between uncoated steel or galvanized steel and the
corrosive environment was evaluated by measuring
the open circuit potential of both surfaces during
immersion time in sea water. In Fig. 1 there are
presented both diagrams obtained during one hour
when it was reached a steady state value of free
potential explained by an equilibrium of metallic
interface and corrosive sea water solution.

T @
-1004+

——— (1) Low alloy Steel
— (2) Galvanized Steel

-300 4

-400
500 -\ ™)

t
0 10 20 30 40 50 60
Time [min]

E [mV vs Ag/AgCl]

Fig.1. Variation of open circuit potential during
immersion time in sea water: (1) - Uncoated
steel and (2) - Galvanized steel
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From Fig. 1. it can be seen that for low alloy
steel the potential drops down in the first 30 minutes
from -400 mV vs. Ag/AgCl to -575 mV vs. Ag/AgCI
and after that it reaches a stable value. This behavior
indicates a high instability and changes on its surface
because of the corrosion process and corrosion
products. This type of potential behavior was
observed by S.S. Xin et al [15] when studied the
corrosion behavior in hot concentrated sea water of
316 stainless steel.

For galvanized steel the potential remains
constant with the value around 0 mV vs. Ag/AgCl,
for the same immersion period. This aspect is
correlated with an improved corrosion resistance by
the zinc layer on the steel surface.

Generally, the steady state potential indicates
that the zinc layer remains intact and protective.
Comparing the steady state potentials presented in
Fig. 1 it can be clearly observed that the galvanized
steel offers improved corrosion resistance in
comparison with untreated low alloy steel.

3.2. Measuring the polarization resistance
(Rp) values during immersion time

The evolution of polarization resistance during
immersion time was evaluated by measuring the

22—
214 ———,‘___—___’-'—h“——

2,0+ @

1,94
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1,84 —— (2) Galvanized Steel

1,74
164
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144

Polarization resistance [kohm.cm?]

1,34

1.2 t t t t t + t
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linear polarization curves around the open circuit
potential value with a very small potential amplitude
(x 40 mV) to preserve the steady state balance
obtained at the interface between metallic samples
and corrosive environment. The polarization
resistance values of low alloy steel and galvanized
steel immersed in sea water are presented in Fig. 2

(a).

From Fig. 2 (). it can be observed that the low
alloy steel has the lowest polarization resistance (Rp)
being equal to 1.35 kohm.cm?. By applying a zinc
layer on the low alloy steel surface, the polarization
resistance increases to a mean value of 2.1 kohm.cm?.
By increasing the value of polarization resistance, the
corrosion current density decreases and therefore the
corrosion rate is lowered, as it can be seen in Fig. 2

(b).

Fig. 2 (b). illustrates the evolution of corrosion
rate in time, corresponding to the polarization
resistance (Fig. 2 (a)) for both analyzed surfaces
immersed in seawater.

According to the data presented in Fig. 2 (b) it
can be observed that for the low alloy steel, which has
the lower polarization resistance, it corresponds the
higher corrosion rate in comparison with the
corrosion rate of galvanized steel.

58
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56--/_/\_//_’,_

544 1

524 ———{(1) Low alloy Steel
——(2) Galvanized Steel

50+
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Corrosion rate [um/year]
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}"
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} u u t
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Fig. 2. The evolution of polarization resistance (Rp) values during the immersion time for:
(1) uncoated steel and (2) galvanized steel

These results suggest that the zinc layer
increases the corrosion resistance of low alloy steel
and are in good agreement with the evolution of open
circuit potential values.

3.3. Potentiodynamic polarization

The effects of natural sea water environment on
the corrosion rate of galvanized and low alloy steel
samples were studied using Tafel polarization
technique. Fig. 3. presents typical E-log i polarization
curves which were recorded in a range of potentials

starting from -1.5 V vs. Ag/AgCl to -0.5 V vs.
Ag/AgCI at a potential sweep scan of 5 mV/s for both
samples immersed in natural sea water. The
corresponding corrosion potential (Ecorr), corrosion
current density (icorr), anodic slope (ba) and cathodic
slope (bc) are presented in Fig. 3.

From the data plotted in Fig. 3 it can be
observed for both metallic surfaces the anodic
dissolution of iron or zinc and the cathodic hydrogen
evolution reaction in natural sea water.

The calculation of the Tafel slopes and the
current densities (as corrosion rates) from polarization
potentiodynamic curves are also presented in Fig. 3
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for low alloy steel and galvanized steel. Fig. 3
indicates that the zinc coating shifts the corrosion
potential (Ecorr) to the more negative direction without
affecting anodic dissolution, which leads to a
significant decrease of corrosion current density
(corrosion rate).

21 —— (1) Low alloy Steel
———(2) Galvanized Steel

Log (1) [mA/cm?]

0636w

R 261 kol

[ 51508 A
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oy
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rrosion | 70,85 mmYasr

M L L 1 I |
T 1

u t t u t
-1,8 -1,6 1,4 -1,2 -1,0 -0,8 -0,6 -0,4
Potential [V vs. Ag/AgCl]

Fig. 3. Tafel representation of potentiodynamic
polarization for uncoated and galvanized steel
immersed in natural sea water

From Fig. 3 it can be also seen that the
corrosion current (icor) Of uncoated steel is higher
than the corrosion current of galvanized steel which
results in a decrease of the corrosion rate from 279.5
um/year for uncoated steel to 8.24 pm/year for zinc
layer over carbon steel, in natural sea water.

3.4. Cyclic voltammetry

The cyclic voltammograms for low alloy steel
and galvanized steel were recorded in the potential
range from -1.5 V vs. Ag/AgCl to -0.5 V vs. Ag/AgCI
at a scan rate of 5 mV/s and then reversed with the
same scan rate till the starting potential. The cyclic
voltammograms for both studied surfaces are
presented in Fig. 4. From Fig. 4 it can be seen that
upon the onset of the transpassive region, the current
still raises up until the potential is reversed in the case
of galvanized steel in natural sea water solution. On
the other hand, the current of the transpassive region
decreases for low alloy steel, forming a reduced
anodic peak and this behavior can be attributed to the
rust layer formed on the surface.

The highlighting of the localized corrosion
susceptibility in the presence of chloride ions in the
sea water of galvanized steel can be seen very well
due to the specific hysteresis aspect which is present
in the anodic transpassivation part of the plotted
curve (1) in Fig. 4.

At the end of the narrow passive region for
galvanized steel, the pitting potential breaks down the

passive film and pits initiate on the zinc layer surface.
This is indicated by the rapid increase in the passive
current density without any sign for oxygen
evolution, as a consequence of the passivity
breakdown. The low alloy steel has revealed the
expanded passive domain due to the formation of a
rust layer and the appearance of general corrosion.
This type of comportment was observed by K. M.
Zhody et al. [16] when they studied the corrosion
behavior of leaded-bronze in sea water.

12

—— (1) Low alloy Steel
——(2) Galvanized Steel

Current density [mA/cm?]

12+ T U U T
-1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6

E [V vs Ag/AgCl]

Fig. 4. Cyclic voltammograms in sea water for:
(1) uncoated steel and (2) galvanized steel

3.5. Optical microscopy

Ex-situ  investigations of surfaces were
performed with an optical microscope. In Fig. 5 are
presented the optical micrograph of low alloy steel
and galvanized steel before and after electrochemical
assays.

From Fig. 5 (a) it can be observed that the low
alloy steel before the corrosion study has a non-
uniform surface, the marks of atmospheric corrosion
attack being visible, in special pitting corrosion.

For galvanized steel, in Fig. 5 (b) before
electrochemical tests there are shown the marks of
zinc flow produced in hot dip galvanizing treatment.
The low alloy steel after electrochemical tests
presents a surface with generalized corrosion (Fig. 5
(c)) and significant amounts of corrosion products
(rust). For galvanized steel (Fig. 5 (d)), it can be
observed only the pitting corrosion with small
diameter pits which confirm the results of cyclic
voltammetry tests.

The overall electrochemical corrosion results
confirm the improving of corrosion resistance offered
by the galvanizing treatment to form a zinc layer on
the low alloy steel surface.
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galvanized steel: (b) before corrosion and (d) after corrosion

4. Conclusion

In this paper it was studied the corrosion
behavior of low alloy steel and galvanized steel in
natural sea water. From the results offered by the
electrochemical methods used in our research, the
following conclusions can be drawn:

- the zinc coating improves the polarization
resistance of steel comparatively to uncoated low
alloy steel suggesting an increase of corrosion
resistance. The higher corrosion rate corresponds to
low alloy steel as compared to galvanized steel.

- from the Tafel representation of
potentiodynamic polarization diagrams, it can be
observed that the decrease of current density is
associated to the decrease of corrosion rate for
galvanized steel.

- the cyclic voltammograms reveal a higher
susceptibility to pitting corrosion for galvanized steel
as compared to low alloy steel which presents higher
general corrosion.

- the zinc coating increases the lifetime for
naval steel and this is materialized in lowering
maintenance costs.
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ABSTRACT

In addition to high hardness, Ni-P coatings obtained by the electroless method
are widely used due to their high corrosion resistance. The corrosion resistance
depends on the content of phosphorus in the coating. Various phosphorus contents
result from changes in pH in the process of obtaining layers. The layers obtained in
different working conditions were tested for electrochemical corrosion. Tests were
conducted on a potentiostat PGP 201. There were plotted and analyzed the anodic
polarization Tafel curves for different phosphorus contents, pH conditions and time-
exposure in the coating bath. Analyzing the anodic polarization curves it is noticed
that low phosphorus sample shows an almost continuous corrosion process while
samples with high phosphorus content have slow corrosion in the 3.5% NacCl testing

medium.

KEYWORDS: coating, electroless method, corrosion

1. Introduction

Ni-P chemical coatings are obtained by means
of autocatalytic method using a nickel salt (sulphate
or chloride) and a reductant (sodium hypophosphite)
[1, 2]. Protective layers of Ni-P have many features
such as hardness and high wear resistance, corrosion

resistance, acceptable ductility [3, 4]. One of the most
common reasons for using chemical coatings of Ni-P
in functional applications is their excellent resistance
to corrosion.

As shown in Figure 1, 30% of these types of
coating applications refer to their increased resistance
to corrosion [5].

0 5% | 5%
0]

0 6%

011%

0 18%

0 30%

0 25%

O Corrosion preventing

O Wear / Hardness

O Magnetic properties

O Adhesion and uniformity
O Conductivity

O Lubrication

B Other

Fig. 1. Ni-P layer applications [5]

Compared to electrochemical coatings [6],
deposits obtained by the chemical method are usually
less porous and more resistant to corrosion (to equal
thickness).

In warm highly alkaline solutions, low
phosphorus coatings are more resistant to corrosion
than those with high content of phosphorus [7].

However, alloys having high content of phosphorous
provides increased corrosion resistance in most
corrosive environments [8].

The high corrosion resistance of Ni-P coatings
is due to the formation of a nickel coating which acts
as a barrier to oxygen diffusion onto the metal
surface. In general, the corrosion resistance of the Ni-
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P coatings is improved by increasing the content of P
so that the layers with high phosphorus content and
amorphous structures feature a very high resistance to
corrosion [9].

2. Experimental research

Corrosion tests were conducted using PGP 201
potentiostat connected to an electrochemical three-
electrode cell: working electrode — sample being
tested on the surface of which measures were made,
counter - electrode of platinum and the saturated
calomel electrode, Hg/Hg.Cl,, as reference electrode
(SCE = + 241 mV/ENH). The system was connected
to a computer with VOLTAMASTER 4 software for
data analysis. The samples to be tested (working
electrode) were isolated on one side prior to

immersion into the test solution, i.e. 3.5% NaCl
solution.

The corrosion test of each sample begin by
monitoring the corrosion potential (open circuit
potential — OCP) until this has reached the stationary
value.

For potentiodynamic polarization tests, the
scanning speed of 2 mV/s was used.

Plotting and interpretation of the Tafel curves
give information on the corrosion current density,
polarization resistance and the corrosion rate of the
systems tested.

Figure 2 illustrates the polarization curves for
three coating layers of different phosphorous
contents. The Tafel parameters listed in Table 1 show
close corrosion behavior for the samples code P1 and
P3, P2 having the best resistance to corrosion.
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Fig. 2. Comparative polarization potentiodynamic curves for
Ni-P coatings with different phosphorous contents (in 3.5% NaCl solution)

Table 1. Results from the potentiodynamic polarisation curves for Ni-P coatings with different
phosphorous contents

Sample Potential Rp I cor Ba Bc V cor
[mV] [kohm cm?] [pA/cm?] | [mV/decade] | [mV/decade] | [um/an]

P1 55%P -393.4 10.15 2.40 127 -144.5 24.73

P2 95%P -422.5 16.07 1.35 124.2 -121.5 13.96

P3_12%P -413.3 8.96 1.30 127.6 -140.0 23.66

For Ni-P coatings, the lowest corrosion rate in
NaCl 3.5% (13.96 um/year) was obtained with the Ni
coating having 9.5% P content and the highest value
of the corrosion rate (24.73 pm/year for the Ni
coating with low P content (5.5% P).

Since the duration of the coating process affects
the layer thickness and this further influences the
corrosion resistance, the corrosion behavior was
tested on the samples obtained at different times of
immersion for obtaining coatings.

Results are shown in Table 2 and Figure 3.
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The lowest corrosion rate in NaCl 3.5% (14.35
pm/year) was obtained for the Ni coating achieved in
20 minutes and the highest corrosion rate (83.73
pm/year) for the Ni coating obtained in 10 minutes.

It can be seen that with increasing the time of
exposure in the chemical deposition bath, corrosion
rate decreases with increasing layer thickness.

Table 2. Results from the potentiodynamic polarisation curves for Ni-P coatings obtained at different

times of immersion

Sample Potential Rp i cor pa pa V cor
[mV] [kohm cm?] | [uA/cm?] | [mV/decade] | [mV/decade] | [um/an]
P4 10 minutes | -521.7 2.28 8.1459 68.7 267.8 83.72
P5_15 minutes | -454.4 2.76 6.9861 77.8 199.9 71.80
P6_20 minutes | -392.1 12.22 1.3964 104.8 105.1 14.35
—0— P04_10 minutes
—A— P04_15 minutes
P04_20 minutes
2.0
7
T
§
i 0.5
é; 0.0
-0.5
-1.0 i
-1.5
-2.0 )

-600 -550 -500

-450 -400
Potential, [mV]

-350 -300

Fig. 3. Comparative polarization potentiodynamic curves for
Ni-P coatings obtained at different times of immersion (in 3.5% NaCl solution)

Since at different pH of the nickel plating bath
different chemical compositions of Ni-P coatings are
obtained, the corrosion behavior was analyzed on
samples obtained with different values of pH,
maintaining the other parameters constant,
respectively duration (10 minutes) and temperature
(83 °C).

The best corrosion behavior as resulting from
the polarization curves (Figure 4) is to be found with

the samples obtained at pH = 5. At this pH value,
high phosphorous content is achieved that enriches
the nickel, thus increasing the coating corrosion
resistance. Also at pH = 5 under the same conditions
of temperature and time, thicker layers are obtained
as compared to those at pH = 4 and pH = 3.5,
respectively.

Table 3 illustrates the Tafel parameters achieved
for these samples.

Table 3. Results from the potentiodynamic polarisation curves for Ni-P coatings
obtained at different pH values

Sample Potential Rp i cor Ba Be V cor
[mV] [kohm cm?] | [uA/cm?] | [mV/decade] | [mV/decade] | [um/an]

P7 pH=5 | -357.7 10.86 1.26 86.4 90.7 12.96

P8 pH=4 | -3474 9.09 1.69 99.2 98.9 17.40

P9 pH=3.5 -367.4 16.73 1.39 169.1 119.6 14.37
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Fig. 4. Comparative polarization potentiodynamic curves for
Ni-P coatings obtained at different pH values (in 3.5% NaCl solution)

In order to explain the corrosion behavior of the
samples analyzed, it is of interest to study and
account for their anodic polarization curves.

Figure 5 shows the anodic polarization curve of
the Ni-P layer obtained at different pH's which gives
them different contents of P, the concentration of this
element being greater as the pH is lower. We can say
that P5 sample has the highest phosphorus content

log I [ pA/cm 7]

-10 ]

and P10 sample the lowest. By analyzing the curves
in Figure 5 it is observed that the sample with a low
content of phosphorus (pH = 6) features an almost
continuous process of corrosion and high phosphorus-
containing samples obtained at lower pH have a slow
corrosion, the evolution of oxygen depolarization
being virtually constant at P7 sample.
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—0— P7_pH=5
P10_pH=6

- T T T r 1 1
-500 -400 -300 -200 -100
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Fig. 5. The anodic polarization curve of the Ni-P layer obtained
at different pH values (in 3.5% NacCl solution)
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3. Conclusions

The Ni-P layers can be distinguished in terms of
their resistance to corrosion based on the content of
phosphorus as given by the pH of the nickel plating
bath and the coating thickness which varies with the
duration of immersion, the temperature and pH of the
nickel-plating bath.

The best corrosion behavior is obtained for the
Ni-P layers with 9.5% phosphorus obtained at a pH of
5 to a minimum immersion time of 10 minutes at 85
°C. The highest value of the corrosion rate (24.73
pm/year) resulted by coating with Ni and low P
content (5.5%).

The anodic polarization curves indicate for the
sample obtained at pH 5 a very slow evolution of the
corrosion process as compared to the upward
continuous evolution of the sample obtained at pH= 6
with a low content of phosphorus.
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ABSTRACT

In order to rise the wear and corrosion resistance of 0.45% C superficial steel
layers, a multilayer coating was tested by injection of powder with 88.3% Cu; 9.5%
Al; 2.2% Fe in melted bath by CO, continuous wave laser. Layers made by different
laser conditions were characterized by macro and microstructure analysis, phase
quality analysis, by X ray diffractometry and microhardness analysis. Research was
carried out regarding the importance of nickel alloy intermediary layer for the

rising of cladding quality.

KEYWORDS: laser
microhardness, diffractometry.

cladding,

1. Introduction

Biphasic aluminum bronzes are known for their
outstanding wear resistance, cavitation, corrosion etc.,
widely used in naval, petrochemical, chemical
industry, etc. (bearings, rods, valve, pump impellers,
and compressor screws and rotors, etc.).

Copper alloys with 9-11% Al feature, in
addition to high corrosion resistance, good casting
and hot forming properties and heat treatment
hardening capacity of martensitic quenching and
tempering.

According to the equilibrium diagram, Cu-Al
alloys have balanced structure consisting of plastic
solid solution o and eutectoid (o + y2), where y, is a
solid hard and brittle solution based on the electronic
Cus2Alzg, compound.

Classical quenching consists of [1-3] heating at
temperatures of 980-1000 °C in the B solid solution
range based on the CusAl, electronic compound,
followed by rapid cooling in water. According to the
thermal kinetic diagram, at higher cooling rates there
is a diffusion transformation, with the solid solution
ordering B -> B, after which the diffusion-free
transformation of phase Bi1 occurs in a needle-type
martensite structure ' [1-3].

This structure has a relatively low hardness due
to the coarse grain formed at high temperatures and in
the presence of phase a. Subsequent tempering at
400-550 °C causes reverse transformations: B'->f1
and B phase decomposition in a dispersed mixture o
+ v2, having hardening effect.

aluminum bronzes, microstructure,

Thus the CuAl10Fe4Ni4 alloy after quenching
from 980 °C in water and tempering at 400 °C,
increases its hardness from 170-200 HB to over 400
HB.

In the special Cu-Al alloys there are additions of
Fe, Ni, Mn, which change the solubility of aluminum
in copper and lead to new phases. Iron polishes
granulation and improves mechanical and antifriction
properties. In Fe-rich alloys an intermetallic
compound FeAl; may occur with hardening and
embrittlement effect. Nickel and manganese increase
corrosion resistance and provide further hardening by
solid solution alloying.

Laser heating has the advantage that it provides
very fast heating rates (over 10° °C/s) at high
temperatures and similar cooling speed, which allows
hardening of aluminum with bronze both in liquid
and solid phases while maintaining an ultrafine
granulation [4-8]. Laser surface quenching, however,
has the disadvantage of relatively small thickness of
the hardened layer, a certain variation of the
properties of the hardened layer depth and the need
for subsequent tempering [9-11].

Multilayer deposition of aluminum bronze
powders injected onto the laser melted surface has the
advantage of making thick layers with uniform
chemical composition and properties throughout the
section.

This paper presents laboratory experimental
research on multilayer deposit on a steel support by
injecting biphasic aluminum bronze powders in a
laser molten bath.
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2. Experimental conditions
2.1. Sample preparation

For coating, use was made of a two-phase
aluminum bronze powder, capable of hardening by
quenching. Table 1 shows the origins, chemical
composition and particle shape of the addition
materials. The powder was aspherical, so that fluid

flowing on the surface of processed addition material
was stimulated by vibration. Since the coating with
aluminum bronze on the steel support indicated a low
quality of the deposited layers geometry (rough
surface, thin deposit and micro-cracks), its deposition
on a buffer layer of nickel alloy was experienced and
a very good deposition on steel substrate was found.

Coatings were made on samples of 25 x 25 x 15
mm of 0.45% C normalized carbon steel.

Table 1. Characteristics of the added materials used

ort. Type of added material

Nr. Chemical composition of
added material

Grain shape

Nickel alloy ,,Alliages
1 Speciaux 7569 ALLIAGES
FRITTES, Franta”.

8.9% Cr; 4.5% Fe; 5.1% B;
2.4% Al; 0.6% Cu; rest Ni.

Bronze with alluminum
2 ,,Rototec Proces FRIXTEC
CASTOLIN U.S.A.”.

9.5% Al; 2.2% Fe; rest Cu.

Laboratory experiments were conducted on a
CO; continuous wave laser facility type GT with
power of 1400 W, with coordinate table and computer
for the process control, equipped with a powder
injection system on the support surface.

Laboratory tests used a 1.8 mm diameter laser
beam, which made partially overlapping parallel
strips. The final thickness of the layer was achieved
by superposition of five layers.

To determine the optimum deposition regime,
the added material flow rate was varied, Q, from 53 to
150 mg/s, beam power, P, from 900 to 1200 W,
surface scanning speed, v, from 5-7 mm/s and
transverse movement step, p, 1 to 2 mm.

The nickel alloy buffer layer was deposited by
the superposition of two layers, under the following
conditions: Q =53 mg/s, P = 1100 W, v =7 mm/s, p
= 1-2 mm. Table 2 shows the experimented working
regimes and thickness, h, of the deposits obtained.
Deposition regime was characterized by energy
density factor K = P / d * v, which ranged within 79.3
+ 100 J/mm?,

2.2. Structural properties

Initially deposited layers were characterized by
macroscopic analysis of the surface layer deposited.
Microstructural analysis was performed on samples
cross-section, perpendicular to the direction of laser
processing.

The microstructure of the samples was observed
by optical microscopy Olympus BX 51M.

For the phase qualitative analysis of the surface
layer deposited, use was made of the diffractometer
DRON 3 with copper anti-cathode, monochromatic
diffraction beam, U = 34 kV, | = 30 mA; F1 = 2 mm;
F, = 0.5mm; ® = 1°/min; Vsyip = 720 mm/h for the
diffraction angle variation within 26 = 20°....75°.

2.3. Microhardness depth profile
measurement

It was determined the microhardness profile
HV0,1 (0.98N load) over the depth of the deposited
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layers. Microhardness depth profiling measurements
were performed using a PMT-3 apparatus.

Vickers microhardness was calculated according
to the SR EN 1SO 6507-1:2002 standard. Results are
presented as a mean of three measurements.

3. Results and discussions
3.1. Structural properties
Macroscopic analysis highlights the deposited

layer surface quality, thickness and adhesion to the
support.

The macrostructures of the laser deposition of
aluminum bronze show a low adhesion to the carbon
steel support, which can be explained by the poor
metal link due to the low solubility of solid copper in
iron.

The surface layer is rough (Fig. 1) and requires
subsequent removal by machining of a relatively
large layer. Inside the layers, solidification shrinkage
cracks have appeared. The coating is hardened and
made brittle by diffusion of iron from the base
material into the added material and formation of the
compound FeAls.

Table. 2. Experimental conditions and deposited layer thickness

Sample Q P v K P h Observations
code |[mg/s] | [W] | [mmis] | [J/Imm?3 [mm] [mm]
Bronze aluminum deposition on steel support

1 86 1000 7 79.36 2 0.38 C

2 86 1100 7 87.30 2 0.5 C

3 110 900 7 71.42 2 0.16-0.54 C,N
4 150 900 5 100.00 2 0.06-0.49 C,N,E
5 150 1100 7 87.30 2 0.13-1.00 C,N
6 119 1100 7 87.30 2 0.08-1.23 C,N
7 119 1200 7 95.24 2 0.14-1.21 C,N

Bronze aluminum deposition on steel support, with middle nickel alloy layer

8 53 1100 7 87.30 2 0.47 -

9 53 1100 7 87.30 1.5 0.74 -

10 53 1100 7 87.30 1 0.64 -

Note: C-cracks; N-non uniformities of the layer thickness, E-exfoliation

From Table 2 and Figure 1, it can be seen that
the non-uniform thickness of the layer deposited
under the same conditions and the surface roughness
increase with increasing the added material flow rate
over 86 mg/s (sample code 2, 5 and 6). This is
explained by the increased added material flow rate
under the same conditions of laser processing, the
molten bath temperature decreases by additional
energy consumption for heating and melting the
powder, which increases the viscosity of the molten
added material. With lower laser beam powers and
higher flow rates, there is insufficient melting of the
support material and lack of adhesion of the deposited
layers (sample code 4). With the same added material
flow rate, the layer thickness increases with higher
laser beam power, more pronounced at higher flow
rates (sample code: 1 and 2, 4 and 5). These
macroscopic observations indicate that the samples
code 1...7 show no practical interest.

The decrease in the added material flow rate to
53 mg/s and the use of a buffer layer of nickel alloy,
unlimitedly soluble as solid in both iron and copper,
increased the adhesion to the steel support and to the

deposited layer. The layer quality was significantly
improved as this becomes uniform, compact, without
solidification shrinkage cracks and with practical
applicability. Note that when using a 1.8 mm
diameter laser beam on the surface being processed,
the max. layer thickness is obtained on a step of the
transverse movement of the 1.5 mm sample.

Figures 2 and 3 show the microstructure of the
deposited layer for samples code 1 and 10. Good
support adherence of the deposited layer is visible. At
the fusion limit there are no compactness defects or
inclusions of metal. When coating is directly
performed on steel support, the presence of transverse
cracks is initiated at the solidification surface (Fig.
2a), while by using the buffer layer of nickel alloy,
the deposited layer is compact and crack-free (Fig.
3a).

The microstructure of the deposited layer results
from melting and ultra-fast solidification of the added
material, followed by a partial self-tempering in the
overlapping area of the strip deposited i.e. sub-layer
tempering when an additional layer is deposited.
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Fig. 2. Microstructure of the deposited layer with sample code 1 without Ni alloy middle layer a),
general view x500; b). Middle of the deposited layer x1000; c). Base of the deposited layer x1000.
Ferric chloride attack
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b.

Fig. 3. Microstructure of the deposited layer with sample code 10 with Ni alloy middle layer a).
Middle part of the deposited layer x1000; b). Base of the deposited layer x1000.
Ferric chloride attack

For example, with sample code 1, the basic
microstructure is fine columnar dendritic, at certain
points with needle type appearance specific to
hardening martensitic  structures with  coarse
interdendritic ~ separation of an intermetallic
compound according to the diffraction diagram for
the qualitative phase analysis of the deposited layers
(Fig. 4). In the copper-based solid mass solution there
is the interdendritically separated compound Fe - Al
(Fig. 2b). The occurrence of relatively large quantities
of compound is because the 2.2% Fe content in the
added material is added to the iron by melting a steel
substrate. Initiation and propagation of transverse
shrinkage cracks upon solidification can be accounted
for by the hard and brittle compound. At the base of
the deposited layer there is a small thickness dilution

layer which makes the transition to the steel support
with a small amount of Fe-Al compound. With the
sample code 10, the microstructure is similar to a
smaller amount of intermetallic compound — K -
phase-intermetallic compound of Fe, Al, Ni (Fig. 5)
with rosette aspect, because the layer of molten nickel
alloy, which alloys the filler material, had a smaller
amount of iron and the nickel presence slows the
diffusion processes upon compound separation.

Additional nickel alloying of the added material
led to a solid solution of copper, more resistant to
metallographic attacks.

The unlimited solubility of copper and the
nickel bases of the added material and buffer do not
allow for the creation of a buffer zone separating the
two deposits.

Cu
l FeAl;

A

54 53

-

lCu
3 52 51 SO 49 48 47 46 4

S5 44 43 42 41 40 39

Fig. 4. Diffractogram for the layer cladded for sample code 1
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Fig. 5. Diffractogram for the layer cladded for sample code 10

3.2. Microhardness depth profile stability of the martensitic structure to the quick
tempering process.

measurement The layers obtained with nickel alloy buffer

Figure 6 shows the variation of microhardness  layer have less hardness because nickel reduces the

HVO0.1 over the depth of the layer deposited on the ~ amount of intermetallic compound and increases the

sample code 1 and 10. Microhardness maximum  amount of the additionally alloyed solid solution of

corresponds to a sample code 1, due to the presence copper. Microhardness is maximal in the buffer Iayer
of FEA|3 Compound in |arge amount and due to the of the nickel alloy with hlgher thermal Stablllty

9000
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7000 -
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microhardness HV0,1 [MPa]

1000 -

0 T T T T T T T T
0,15 0,65 1,15 1,65 2,25

distance from the surface [mm]

‘—O—sample 1 —{3—sample 10 ‘

Fig. 6. Variation of microhardness HVO.1 over the depth of the layer deposited
on the sample code 1 and 10

Comparing the microhardness of the multilayer ~ bronzes, laser hardened in the liquid phase and
deposit by laser with the properties of the aluminum  tempering [5-7], it was found that laser deposition
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resulted in higher microhardness and greater depths.
This is due to alloying bronze with nickel and iron, to
the finer microstructure and the self-tempering
process.

4. Conclusions

Multilayer deposition by aluminum bronze
powder injection into the laser melted bath on steel
base presents difficulties because of the poor
adhesion of the deposit to the steel support, the non-
uniformities of the deposited layer and shrinkage
cracks. The coating is hardened and made brittle by
diffusion of iron from the base material into the added
material and by the formation of FeAlz compound.

Non-uniformity of the deposition increases with
the deposit filler flow rate over 86 mg/s and lower
laser beam power, below 1000 W.

Introducing a buffer layer of nickel alloy has
improved adhesion, thickness uniformity and
compactness of the aluminum bronze deposited
layers. The optimum deposition regime was nickel
alloy middle layer, regimes 9 and 10, which ensured a
0.64 to 0.74 mm thick layer with a microhardness
HV0,1 ranging between 3895 and 3406 MPa.

Multilayer deposit ensures self-tempering of the
layer and provides a superior microhardness at depths
greater than the liquid phase quenching of aluminum
bronzes of similar chemical composition.
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ABSTRACT

The work shows a calculation meant to optimize the thermal processing
parameters (time and temperature) of a high strength aluminum alloy. The
optimization calculation has been done by gradient method which involves multi-
step (iteration) calculation of thermal processing parameters in which the values of
the mechanical properties meet certain restrictions imposed. ldentifying the most
economic variants of heat treatment of those resulting from the application of
gradient method was carried out by performing calculations of heat balance of the

heat-treatment oven.

KEYWORDS: optimization, thermal processing, gradient method, parameters,

heat balance

1. Introduction

Among the non-ferrous metals and alloys
currently used in the top fields of engineering,
aluminium and its alloys have the greatest weight due
to the properties and characteristics of this metal and
especially due to the classical hardening techniques of
these alloys. Aluminium and its alloys occupy a
foreground position in the category of metallic
materials with great applications in engineering
industry through a vast range of uses. The extensive
use of aluminium alloys is due to its good mechanical
properties which are obtained after thermal and/or
thermo-mechanical processing.

By optimisation we understand the operation of
studying a problem with a view to obtaining a result
which, compared to other possible results at that
moment, is the best, the most advisable and the one
based on which a technical or economical decision
can be made [1].

Optimizing thermal processing parameters
allows for the selection of those existent parameters
and conditions which will determine the best
technico-economic performance of the process
(choosing optimal parameters) [3, 5]. At the basis of
any technological process, there is a mathematical
model which has to express the respective process as
precisely as possible. The mathematical model being
the main element in running the process, its accurate
design is of utmost importance for describing the
process as accurately as possible, which means that
there should be a high concordance between the

model and the process it describes [4, 5]. By
determining some values of the independant variables
we can determine the optimal solution so that the best
value for the objective function (the function to be
optimized) should be obtained [3]. According to each
case, the optimum value of the objective function can
mean its maximum or minimum value. The
optimization methods are usually decreasing methods
which express the minimum of a function U of n real
variables which is called aim or objective function. In
the case of optimizing the thermal processing
parameters of the studied alloy, the objective function
is represented by the energy consumption ”Q = f (t,
T)”, taking into account some restrictions as far as the
values of the analyzed mechanical properties are
concerned.

2. The gradient method for optimizing
the thermal treatment process of the
studied alloy

The alloy studied belongs to the Al-Zn-Mg-Cu
system and has the composition presented in Table 1.

The optimization calculation was achieved by
the gradient method which implies the calculation of
the thermal processing parameters in multiple
situations (reiterations) which comply with certain
conditions (restrictions) required.

The restrictions imposed refer to the values of
the mechanical properties according to EN_485-2-
2007 and are given in Table 2.
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Table 1. Chemical composition of the alloy studied [mass %]

Element | 7 Img |cu |si |Fe |Pb |cr |[mn |aAl
Alloy
AlZn6.5MgCu 65 [270 |1.80 | 0.15 |0.20 | 0.02 | 0.20 | 0.15 | rest
Table 2. Values of mechanical properties oY,
according to EN_485-2-2007 [11] ar 7.609-0.029-1 ®

Rm, Rpo.2 As HB
[MPa] [MPa] [%] [MPa]
540 470 7 161

Besides the restrictions for the values of the
mechanical properties, there are also some restrictions
for the variation interval of the thermal processing
parameters, the thermal treatment time and the
thermal treatment temperature. They must have the
following values:

120 °C <t<200 °C (1)
4 hours < 1< 20 hours )

The mechanical properties studied are:
- Mechanical resistance Rm, [Mpa];

- Yield resistance Rpo2, [Mpa];
- Tensile elongation A5, [%];
- Brinell hardness HB.

The following mathematical equations are used
for optimization, which are obtained after carrying
out the mathematical modelling for each property
analyzed.

Y1 =664.2589 — 1.1953-t + 7.6093-t —0.0292t-1,

®)
Y2 =627.371 - 1.262:t + 8.25-1 -0.032 t-1,

4)
Y3=7.25+0.014t- 0.1t +0.00031-t,

®)
Y4 =169.5357 — 0.2906t + 4.687-1 — 0.019-t 1,

(6)

Where: Y1 =Rm; Y2 =Rpo2; Y3 = As; Ya=HB.

The gradient method is an iterative method
which by multiple iterations facilitates finding the
optimal complex of properties which comply with the
restrictions simultaneously.

Partial derivatives of the function Y1 (t, t) were
calculated, (Y1 is the main mechanical feature for
which the maximum value is imposed in the given
circumstances):

%:—1.195—0.029-1 (@)

The gradient vector for Y1, which is the traction
resistance, is:

grad Y; = (-1.1953-0.029-7; 7.609-0.029-t)  (9)

As starting point is chosen the point having the
coordinates: t1 = 120 °C, 11 = 20 hours, the point
where the calculation of the minimum starts after the
gradient direction.

Replacing the values of tl, 1 in the gradient
expression of Y1 we have: grad Yi(1) = (-1.079; -
4.129.).

The next stage is checking the boundary
conditions in the initial point and it indicates that the
properties of resistance as well as those of
malleability are satisfied:

Rm(1) = 602.9289 MPa;

Rc(1) = 564.131 MPa;

HB(1) = 182.8037;

As(1) = 7.674 %.

In order to find the optimal point(s), we proceed
as follows:

- the variation step h = - 0.4 is chosen;

- a useful step for carrying out the
transformation at the initial point is shown by a vector
of the form [9]:

Ny .
- Xin+p = Xinth-——, 1=1.2,.k (10)
OX; y
Yy
- the relationship: Xin+1) = Xin + h- ——(11)

Xi,N

is calculated:

i = 1,2,...k, the coordinates of point 2, where X;
represents the heat treatment variables (t, T ):

tp=120.71°C; 1 =18.348 ore;

- Rm, Rpo2, As and HB are calculated with the
help of the mathematical models, and replacing t, t,
with t,, T, we obtain:

Rm(2) = 619.056 MPag;

Rc(2) = 572.081 MPa;

As(2) = 7.011 %;

HB(2) = 180.148.

The restrictions are checked by iteration 2. t, 1
calculated with the relation (11) are replaced in the
relationship (10) and we obtain: grad Y1 (2) = (-
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1.727; 4.108) which is important for calculating the
variables ts, T3 at the next iteration.

Using the same calculation algorithm, which is
edited in MATLAB program package, 40 iterations
were solved for finding those values which comply
with the conditions imposed by the restrictions.

The mechanical properties of the studied alloy,
obtained by calculation by applying the gradient
method for the 40 iterations, are represented in
figures 1, 2, 3.

700

600 | i
— 500 :
J 0
o :
= :
5 400 i
- ¢
X :
E 1 R Sremmesad F e prasmnmee RRRTLIET CESELEEE fecsm=pechespmnns -1
The values which comply with restrictions are to iterations
i 1234567891011 12131418
g N N N R B R
0 5 10 15 20 25 30 35 40
iteration

Fig. 1. Graphical representation of the values of
mechanical and yield resistance obtained by
calculation using the gradient method for the 40
iterations (the marked ones are those which
comply with the imposed conditions)

15 : ' ' T ' . r

14 |The values which corﬁply with restrictions are to iterations

13 i b i i

A [%)

iteration

Fig. 2. Graphical representation of the values of
tensile elongation obtained by calculation using
the gradient method for the 40 iterations (the
marked ones are those which comply with the
imposed conditions)

For the iterations 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, it results from the calculation that the
values of the mechanical properties studied as well as
for the thermal treatment parameters t, T are in
accordance with the conditions imposed by the

restrictions (Table 1 and relationships 1 and 2). The
values imposed for the properties by the Euro norm in
use are reached for temperature values between 120
°C and 123.5 °C, while the time values range between
6 and 20 hours. In order to establish which of these
values is optimum economically as well, the
calculations for energy consumption were made.

Hardness [MPa]

1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15
iterations

Fig. 3. Graphical representation of the values of
the values of Brinell hardness obtained by
calculation using the gradient method for the 15
iterations

3. Calculation of thermal energy
consumption Q, [kWh]

In order to find out which of the 15 variants of
thermal treatment is the optimum variant from the
economic point of view, the calculation of the thermal
energy consumption Q, [kKWh] is made.

The calculation of the energy consumption
under the form of heat (thermal energy) means the
calculation of the total energy consumed at the
thermal treatment oven where the artificial ageing is
made according to the thermal processing variant and
the relationship below:

Qtotal = Qtotal oven (12)

Qtotal oven — the quantity of heat necessary for
attaining and maintaining the treatment temperature
over the whole period of the thermal treatment.

The oven on which the thermal treatment was
carried out is an electrically heated oven with silit
bars made of chamotte refractory brick, lined with
mineral wool and having steel sheet on the outside.
The energy consumed for performing the thermal heat
treatment will be determined after carrying out the
thermal balance of the treatment oven.

The energy consumption will be expressed by
the quantity of heat necessary to maintain the
treatment temperature while the thermal treatment is
applied (Figure 4), according to the relationship:

Qtotal oven = QA+ QB (13)
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Qa — the quantity of heat consumed (energy)
during heating the oven;

Qs - the quantity of heat consumed (energy)
during maintaining the heat treatment temperature;

ry

t, [°C]

L

G

Theating T maintaing T, [hours]

Fig. 4. Thermal treatment diagram

A — oven heating time from the ambient temperature
to the thermal treatment temperature;
B — period of maintaining the heat treatment
temperature inside the oven;
T heating — OVeN heating time, [hours];
T maintaining — time of maintaining the oven at the
treatment temperature, [hours];
ta — ambient temperature, [°C];
t; — thermal treatment temperature, [°C].

The heat necessary to raise the temperature
inside the oven from the ambient temperature to the
heat treatment temperature is [37]:

QA = Qac sample A T Qaczid At Qpierd zid A (14)

Qac pies A- the heat accumulated in the pieces
(samples) during the oven heating.

Qac sample A = msample'CsampIe'Atl, [kJ] (15)
Msample — SaMple mass, [ka];
Atl =t - ta, [°C]

Aty — the difference of temperature between the
treatment temperature and the ambient temperature.

The samples (pieces) subject to artificial
ageing heat treatment have the dimensions of
150x60x3 mm.

Qaczida = (mcs'Ccs+mvm‘Cvm+mt'Ct)‘Atl, [8, 9]1 [k\]],
(16)
Qac zidarie A — the heat accumulated in the oven walls
during heating;
Ces — Specific heat of the chamotte brick;
cvm— specific heat of the mineral fibre;
¢ — specific heat of the steel sheet;

mes — mass of the oven chamotte refractory
brick;

mym — mass of the mineral fibre used for oven
covering;

m; — mass of the steel sheet used for oven
coating;

Mes = Vs - Pesy

Ve — volume of the chamotte refractory brick
used to build the oven;

pes — density of the chamotte refractory brick;
Qpierd zidarie A — the heat lost through the oven
walls during heating which is calculated using
the heat flow, @4,

Qpierd zidarie A =D T, [Wh] [37, 38] (17)

T — heating time for the inside of the oven, [h];
® A — the heat flow during the heating period A

® A = Ki-S-Atp, [W] (18)

Atz = tm - ta, [OC]

At, — difference of temperature between the
average temperature and the ambient temperature [37,
38].

Op= Doriza + Overt A [37], [\N] (19)

®yizn — the heat flow through the horizontal
walls of the oven during heating;

®yerta — the heat flow through the vertical walls
of the oven during heating;

) oriz A = kloriz'z'soriz'AtZ [37: 38] [VV] (20)

Kioiz — global coefficient of heat transfer
through the horizontal walls of the oven during oven
heating up to the thermal treatment temperature;

Soriz — surface of a single horizontal wall of the
oven;

(DvertA = klvert'z'svert'AtZ [W]: [8] (21)

kierr — global coefficient of heat transfer
through the vertical walls of the oven during its
heating up to the thermal treatment temperature;

Svert = Svert 1+ Svert 2 (22)

Svert — surface of all vertical walls of the oven;

Qg, the heat necessary to maintain the samples
inside the oven at the heat treatment temperature,
equals the heat lost through the oven walls during this
whole period.

QB = Qpierdere zidarie B, [k\]] (23)

This can be expressed using the heat flow ®g:
O = k2'S-Aty [W], [8] (24)
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®g — heat flow during maintaining the samples
at the thermal treatment temperature;

Dp = Qyrizg + Ovens [W], [8];

®yizz — heat flow through the horizontal walls
of the oven during maintaining the samples at the
thermal treatment temperature;

DorizB = kZ'Z'Soriz'Atl, [W]. [8] (25)

®yerg — heat flow through the vertical walls of
the oven during maintaining the samples at the
thermal treatment temperature;

Dyertg = Ko+ Svert Aty [W], [37] (26)

1
0, 0% 0, 1
A A A oo,
K2 — global coefficient of heat transfer during

maintaining the oven at the thermal treatment
temperature;

4 4
aoriz :ﬁoriz 'm+ E'CO |:(tt+273j _(ta+273j :|

k, = [Wim2.K], [8] (27)

t—t, 100 100
[ky/m2-h-K], [8] )
e-C, |(t+273Y" (t,+273Y'
_ Lt —t &l -1
Coer = Puent \/i-i_t[—ta |:( 100 j ( 100 j }
[kd/m2-h-K], [8] 9

azvert — COefficient of convection and radiation
heat transmission through vertical walls during the
maintaining period,;

ozoriz — COefficient of convection and radiation
heat transmission through horizontal walls during the
maintaining period,;

Qpierdere zidirie B = P T8, [kWh], [8] (30)

18 — Ssample maintaining time at the heat
treatment temperature, [h].

After making the energy consumption
calculations for the 15 situations (Appendix 2), when
the values prescribed for the mechanical properties
are obtained, the following variation of the energy
consumption was obtained, according to Fig. 6.

Q [kWh]

Number of iteration

Fig. 5. Variation of energy consumption for the
15 iterations

4. Conclusions

From the data presented in Fig. 5, we can
conclude that the optimum regimen that ensures the
simultaneous accomplishment of the values of the
mechanical properties imposed at the lowest energy
consumption is the one given by iteration 15, having
the following technological parameters:

o artificial ageing temperature t = 123.52 °C;
e ageing time t = 6.021 hours;
The values of the mechanical
obtained for these parameters are:
e mechanical resistance Rm = 540.7 MPa;
o yield resistance Rpo.2 = 496.78 MPag;
e tensile elongation As = 8.49 %;
e Brinell hardness HB = 165.35.

By applying the gradient method as a
calculation variant for the thermal treatment
optimization, the following aspects could be noticed:

- the artificial ageing temperature for complying
with the properties restrictions imposed ranges
between 120 °C and 123.5 °C.

- the values of the thermal treatment time are
between 6 and 20 hours.

properties
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ABSTRACT

The properties of metallic materials can be improved by deposition of
materials. The coating has a tear strength and better hydro-abrasive corrosion. The
thin layer deposition has a thickness of less than 10 micrometers.

When speaking about deposition technologies, it is not just about deposited
thin layers, but the whole assembly (layer / substrate), therefore the degree of
adherence and the costs of making such a substrate have to be taken into account
and the whole must be much more powerful than anything taken separately.

In this paper we presented several methods of thin film deposition. We also
highlighted some of the advantages and disadvantages of several deposition

methods.

Keywords: Deposition method, thin layers, substrate, SEM

1. Introduction

The surface is the most important part of all
components, as the most defects appear here,
especially those caused by corrosion.

The surface may also have important functional
attributes, it is not limited to chemical and mechanical
properties, but also features thermal, electronic,
magnetic and optical characteristics, influencing the
choice of the material.

Depositions of thin films are used worldwide in
various technologies. These deposition technologies
have been successfully applied for a long time,
specifically since 1400 when their first use is
registered [1].

Along with traditional technologies for
obtaining thin layers, we witness the development,
improvement and expansion of deposition, a modern
technique of the physical and physico-chemical
methods, which ensure high purity and strong
adhesion through a wide variety of processes for
coatings [1].

The involved technologies are based on vacuum
processes, with a low environment impact.

Also, from the economic point of view, these
technologies have an increased efficiency, compared
to the traditional methods.

Therefore, in recent years there has been a
dramatic increase in using these technologies in
industrial applications.

2. Theoretical contributions

Thin layers can be produced by mechanical,
chemical procedures, and by condensation of the
gaseous phase. The work environment is one of the
basic factors of depositing, which strongly influences
the composition and structure of the deposited layers.

The environment necessary for the gas-phase
condensation method is vacuum or pressure
controlled atmosphere, reducing the average
deployment submission process that ensures the
achievement of reproducible layers unaffected by
impurities.

Thin films vacuum deposition methods are
classified as follows:

» Physical vapor deposition methods (PVD) by
pulse laser deposition (PLD);
» Chemical vapor deposition method (CVD):
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e CVD  deposition  method at
temperatures (HTCVD);
e CVD deposition method based on organ
metallic compounds (MOCVD);
e CVD deposition method of assisted plasma

(PACVD).

high

2.1. Physical vapor deposition methods
(PVD)

2.1.1. Pulsed laser deposition
Pulse laser deposition is the technique where a
high power pulsed laser beam is focused inside a

vacuum chamber in order to hit a target of the
material that is to be deposited (Figure 1).

o

This material is vaporized from the target, in a
plasma plume, which deposits it as a thin film on a
substrate.

Laser beam

Quartz window
Target
carrousel Heatable
Sample stage
Substrate
— | ‘ —
C J
LI —1 L
Laser plume
Rotating target Vacuum

chamber

Fig. 1. Schematic diagram of the pulse laser
deposition [2]

€=CUZ0SDS ;-
- ' -
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Fig. 2. SEM images of CuZnSnS, thin layers obtained by using the coated PLD method: a) surface
image for the thin layer; b) cross sections through coating and substrate layer [3]

Figure 2(a) shows the SEM image of the
annealed CuZnSnS, thin films for various deposition
times. It is observed that, due to recrystallization with
annealing, the resulting grain size is increased,
compared to the as-deposited film.

Figure 2(b) shows the cross-sectional FE-SEM
image of the annealed Cu,ZnSnS, thin films.

The thickness of film is found to vary between
0.525 and 2.902 pum, which indicates that deposition
time is a vital parameter to increase thickness
indirectly, and to increase efficiency [2].

2.2. Chemical vapor deposition method
(CVD)

2.2.1. High temperature chemical vapor
deposition

The thin layer deposition methods work at high
temperatures in the range of 2100-2300 °C and a
schematic diagram of this method is shown in Figure
3. With HTCVD, crystals can be produced with high

quality, large SiC diameter and costly efficient,
opening new markets and applications.

Open vertical
reactor

Source gases
SiH,+C;H4

Gases inlet

Fig. 3. Schematic diagram of the method of high
temperature CVD (HTCVD)
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Fig. 4. SEM images of SiC thin layers obtained by using the coated HTCVD method: a) surface image
for the thin layer; b) cross sections through coating and substrate layer [4]

Figure 4 shows the cross-section and surface
morphology of HTCVD coated samples. The SiC
coating has a thickness of about 30 um and a good
adhesion to C/SiC composites, Figure 4(a).

No obvious interlinear or impenetrate cracks
can be observed.

The high magnification image in Figure 4(b)
shows that the surface is closely stacked by spherical
grains, with grain size in a range of 10-30 pm.

The coating shows a dense surface with no
visible micro cracks. The SiC layer can improve the
compactness of the coating and provide good
oxidation protection for C/SiC composites at high-
temperature [3].

High temperature, specific to HTCVD process,
is a major drawback, it adversely affects the structure
of the substrate, especially when it is steel. To
eliminate the negative effects, both prior and
subsequent heat treatments are required to reduce the
negative effects of overheating [4].

2.2.2. Metalorganic chemical vapor
deposition

The MOCVD method is quite simple and it
consists in dissolving the organic metal compound in
an organic solvent. Fig. 5 shows the diagram of the
principle of this method.

MOCVD 4==  Solution

Chamber

== (Carrier Gas

-~ 00000~ \
Evaporate

Fig. 5. Schematic diagram of MOCVD
deposition method [5]

=

25 0 um

Fig. 6. SEM images of MoSi thin layers obtained by using the coated MOCVD method: a) surface
image for the thin layer; b) cross sections through coating and substrate layer [6]
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The micrographs were obtained by a scanning
electron microscope (SEM).

Figures 6(a) and (b) show the surface
morphology of the specimens before and after the
different stages of coatings.

The original surface of the substrate appeared to
be smooth. Several cracks on the surface of the MoSi,
coating were observed from high magnification SEM.
The observation was not unusual as MoSi, films
produced by CVD of Si on a Mo substrate are often
characterized by cracks and voids [7, 8].

On further coating with silica, the surface
adopted equiaxed grain morphology. Cross-sections
of the coating after 3 h at 620 °C were analyzed by
SEM.

As shown in figure 6(b), this micrograph reveals
that the coating thickness was about 7.5 pm at 620 °C
[6]

An advantage of this method is the replacement

of some donors using metal organic metal
compounds.
By this replacement with metal organic

compounds, the deposition temperature will be
greatly decreased, reaching 400 °C.

T 4 ' f"‘ 4N T e
TP Ny o

'/"l'-;;:‘\} g o ' V“- £ "?l':" A

2.2.3. Plasma assisted chemical vapor
deposition

In this method, gas phase reactions are
catalyzed by the CVD process specific to the presence
in the reactor of cold plasma, produced by the glow
discharge luminescence similar to the luminescence
produced by the ion nitriding.

Electrode

Chamber Vacuum Pump

Q

Monomer Reservoir

i

Mass Flow Control
Noble /Reactant Gas

L1

Mass Flow Control

Fig. 7. Schematic diagram of deposition method

[9]

‘v

Fig. 8. SEM images of ZnO thin layers obtained by using the coated PACVD method: a) surface
image for the thin layer; b) cross sections through coating and substrate layer [10]

Figure 8(a) represents the cross-section of the
scanning electron microscopy (SEM) image for ZnO
thin film grown at 185 °C.

Figure 8 (b) shows the top view of SEM image
for ZnO thin films grown at 160 °C. The thickness of
ZnO thin film is about 200 nm and a pillar-like
structure can be found [11] in Figure 8(a).

During deposition, the atomic kinetic energy is
primarily determined by the deposition temperature.
Figure 8(b) exhibits a collapsed pillar structure due to
the low kinetic energy and weak intensity.

3. Conclusions

From this study of layers, which presents
different methods for obtaining thin films and some
surfaces and depth morphology, we can conclude the
following:

1. By the PLD method, high quality coatings
with a wide variety of properties can be
obtained.

2. The quality of ZnO thin layers is improved
when increasing the sputtering power.
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3. The HTCVD deposition method is not much
used as high temperature affects the
substrate.

4. The MOCVD method is used for the
deposition of thin films when the deposition
temperature is low so it affects the layer.

5. The PACVD deposition method is an
advanced and widely used method.

Therefore, the choice of the method of

submission shall consider both the nature of the
deposited layer and the base material.
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