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ABSTRACT

Desalination of seawater (SW) by Reverse Osmosis are expected to be the
common way for desalination throughout the world on the future due to their simplisity
and cost compared with the Multi Stage Flash (M.S.F.) plants . Alot of work was done
and in progréss to improve there effeceincy and reliability. One of the most problem in
such technology is the corrosion of the materials selected on the different parts of the
R.O. plants. On this thesis, most of the corrodent factores that may affect the corrosion
process were considered and applied on six defferent high stainless alloys available
commericially.Flow of the corrodent and Jet effect were also invistigated on this work.
Titanium considered to be the best alloy can resist the corrosion, hence the other five
alloys were compared with it. It can be seen that Hastelloy-C [15-20%Cr, Bal.Ni,
16-20%Mo] and SMO-245[19.8%Cr, 17.7%Ni, 5.6%Mo] showed good corrosion
resistance under RO SW desalination conditions. Alloy 14529[19-21%Cr, 24-26%Ni,
6-7%Mo] manufactured by INCO also showed good corrosion resistance under the
above conditions but once the temperature rise to 450C and more its corrosion behaviour
was reduced. 316[16.9%Cr, 11%Ni, 2.5%Mo] and 430[16%Cr] stainless steels were
tested and both showed much less in corrosion resistance compared with the other alloys
tested specially at elevated temperatures. Finally it should be point out that
electrochemical testing of these alloys under the simple laboratory static condition can
give an indication about there behaviour at more sever conditions but as a comparative

study.
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HAPTER ONE
INTRODUCTION

The most costly problem facing desalination plants under operation is the
corrosion. Multi Stage Flash(MSF) plants and, Reverse Osmosis(RO) plants are the
two main types used in desalination. In MSF desalination plants the temperature is the
important factor - in addition to the salinity factor- affecting the corrosion process. In
RO plants, the pressure and the deoxidation are the two main factors affecting the
corrosion process. In RO plants the pumps, energy recovery devices and the pipes
under high pressure are the most parts affected by corrosion. Actually there is a lack in
informations about which stainless alloys to be the optimum selection for each part
mentioned above [1,2]. For example, up to date there have been considerable practical
difficulties experienced in specifying suitable alloys fot the buckets of the Pelton
Impulse Turbine without sever corrosion within reasonable period. Also most of the
pipework under high pressure in RO desalination plants are subjected to crevice
corrosion[1]. T. Hodgkiess [2] stated that 316L, 317L and UNS NO8904 grades of
stainless steels are unacceptable in aerated seawater in contrast with higher
concentration of the critical elements(Cr,Mo and N) alloys. In this thesis the study of
the corrosion behaviour under different environment conditions for different types of
commercial stainless alloys were carried out. Flow, jet, dissolved oxygen level,
temperature and the crevices, all these factors were considered on this study. Their
effect on the corrosion behaviour of different stainless alloys was studied. In this
chapter a brief explanation about RO desalination plants will be done, also the energy
recovery systems used will be discussed, and finally, the impulse turbine will be
studied more details as an example of the system in RO plants that subjected to

corrosion and no specific alloy can be used safely.
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1.1 Reverse Osmosis Plant(RO):

Reverse Osmosis plants are widely used nowadays for the desalination of
seawater. Considering the simplicity of their operation, the performance of these plants
is very good. The applications of RO plants are increasing rapidly. Many research
centres and institutes are conducting research with a view to improve the efficiency,
reliability, performance and life-span of RO plants. The basic layout of a RO plant is
shown in FIG.(1) . Sea-water must be carefully treated before feeding it to the RO
membrane. Gravity filter, Sand filter and Cartridge filter are usually used to eliminate
the suspended solids from sea-water. Chlorine or Sodium biosulphate is used as
pretreatment to eliminate the bacterial. The membrane and the high pressure pump are
the main parts of a RO plant , the remaining parts being auxiliary or supporting parts
,e.g. filters and pretreatment are used to ensure feeding of pure sea-water to the
membrane while the low pressure pump is to avoid cavitation or shortage of water to
the high pressure pump. A plant designed to produce one million gallon per day of
desalinated water consumes 4.00 MW[3] of electric energy (as in the case of Ummluj
RO plant) . Major part of this energy ,more than 40%, is consumed by the high
pressure pump. In the above example , the pressure needed at the membrane is around
60 bar , the brine ( waste) is discharged at 57 bar .If the recovery of the plant is 33% ,
then the brine discharged as a waste has more than 59% of the energy used [1]. In the
past this energy was wasted. At present, numerous devices have been designed to save

this energy.

1.2 Energy Recovery Systems.

These systems are designed with the objective of reducing the operating cost .
These systems save part of the energy of the brine waste . There are various types of
energy recovery systems . Each one of these systems has its advantages under certain
operating conditions . Some of these systems are
- 1-Impulse turbine ,

2-Reaction turbine (Francis,Kaplan,and propeller turbines),
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) 4
3-Integrated Turbo-Pump ,and
4-Work Exchangers [4].

FIG.(2) shows the suitability of the various types of energy recovery systems
for different operating conditions [5]. It is clear from FIG.(2) that pelton wheel and
multi-stage pump are the recommended devices for the RO system,in view of its high
head .Given below is a brief explanation about the devices of ERT and a brief

discussion about pelton wheel .

1.2.1 REACTION TURBINES :

This type of hydraulic turbines include Kaplan, Frances and Propeller turbines.
Reaction turbines are used for large scale hydroelectric generation where a high flow
rate and low head(5-20 m) are available . It is basically a reverse centrifugal pump. The
flow through this type of turbines may be radially inward,axial or mixed partially radial
and partially axial [4].

1.2.2. INTEGRATED TURBO-PUMP:
Integrated turbo-pump is a pump and turbine connected with one shaft (i.e.
back to back).The high head flow passes through the turbine . It is also suitable for the

RO system but its efficiency is lower than the pelton wheel turbine [4].

1.2.3. WORK EXCHANGER :

Work exchanger is the most efficient device ,having an efficiency of more than
90%, but its main disadvantage is its low capacity of flow, hence it is suitable for RO
systems with an output of 200 to 400 m:'/day . The intention of this device is to use

the high pressure waste brine to displace the feedwater through a chamber{4] .

1.2.4. IMPULSE TURBINE:
Impulse turbine is simply a modern design of the Noria (Persian wheel) . As

shown in FIG(3) , It converts the head of the water(liquid) into useful energy .
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1.2.4.1. Theory:

Converting the high head of water into a high velocity jet
through a nozzle to the atmosphere provides useful energy . This jet
is directed at the buckets of the Impulse turbine , which rotates
accordingly , thereby giving the energy.

IfVj vr, Vp are jet velocity, relative velocity and the wheel
rotating velocity respectively (m/sec). 8 is the reflecting angle of

the flow as shown in FIG.(4) .

Vri1= Vj-Vp
Vr2= (Vj-Vp) cosB
Vr1+Vr2=Vj- Vb - Vj cos6 + Vp cosB
= Vj(1- cosB) - Vp (1- cosB)
=(Vj-Vb) (1- cosB)
If the bucket shape is a semicircle then 8 will be 27 and cos 8 will be -1
which means ,
Vr1+Vr2=2 (Vj- Vo)
=2 Vr1

or

Ve=Vr=Vr2

Let m be the mass rate of the fluid through the nozzle, then

m=.2Q
where P is the fluid density Kg/m ®
and Q is the quantity rate of the fluid m®/sec

Q=AVj



Jet

Fig. (4)

FLOW DIAGRAM OF TWIN BUCKET



where A is the cross-section of the nozzle (M 2 )
The force applied on the bucket due to this flow rate is
F- 2 Q (Vj-Vp) (- cos6)
and the power is
P=F Vp
= Vp £ Q (Vj-Vp) Q- cos9)

The speed which gives maximum power is , when dP/d Vp equal to zero.
dP/dVb:O. = Vj -2 Vb

or Vp/Vj=1/2
FIG.(5) shows the relations of the speed ratio with the power and force ratio [5-17].

1.2.4.2. Impulse turbine applications in R.O plants
W. Wilson ET AL [18] have discussed the use of pelton wheel turbine in R.O
plants to assist the main electric motor in driving the reciprocating pump, they explained
the steps of the operation on their study . They also rccommcnd’pjl?léi:Stainless
Steel8%Ni, D.7%Cr, 0.0)3%C) for the inlet converter and Pelton wheel, Stellite 6
(26%Cr, 1%C, S%W)material for the Nozzles , high polished stainless steels for
| the cups and Duplex for the shaft. In the Technical discussion held in Riyadh [19] it
was agreed that the potential high efficiency and broad operating range of pelton wheel
devices makes them an attractive prospect for their use in R.O energy recovery . but the
corrosion-erosion resistance of the highly loaded components ( nozzles and cups ) need
further development to with stand the extreme velocities and highly corrosive
environment . Possible use of ceramic should be investigated until such development
materialise. SASAKURA company have used alloy 20 modified with increase in
Molybdenum as material for pelton wheel in Ras Abu-Jarjoor plant in Bahrain.

Y.Mimura ET AL [20] introduced a study for optimizing the energy consumption of the
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R.O plant using a micro-processor and their study include the energy saved by Impulse
turbine, they collected the data from Umm-Lujj plant in Saudi Arabia. B. Ericsson [21]
established some tables for the cost of the R.O plant using the impulse turbines ,
Salbukh plant in Saudi Arabia and Yuma plant in U.S.A were considered as case study.

Tanjib plant in Arabian Gulf coast for desalination includes energy recovery
system . During the first one and half years running, it met the requirements of the
owner(ARAMCO) specification [22]. Its capacity is 80 l"'l:;/hl' with a head of 67.5
bars .

David&Morgan [23] stated that the impulse turbine can replaces the normal
system relief valve and converts the K.E to rotating mechanical energy . Up to 85% of
the previously wasted energy can be recovered ,resulting in a significant saving in
production cost. The description of the operation method , machine standardised
approach to application and economic comparisons of the alternate systems were given
in this paper.

Y. Kunisada ET AL[24] saved around 20% of the required energy for the pump
by using energy recovery system. From the material of ERT point of view there was
galvanic corrosion in the ERT after 3000 hr running , but using the same material of the
pump for the ERT ,no corrosion was detected for 10000 hr running [25].

A. Riedenger & C.Hickman [26] stated that the ERT can recover between 50 to
90% of the available energy in the R.O plants , also they made mathematical
calculations for studying the pressure required to the membrane . A comparative study,
between the MSF and the RO plant was made by C.Sackinger [27] from the energy
consumption point of view. In this study it was established that more than 35% of the
energy to the RO plant can be saved by using ERT. Mathematical calculations were

“done by N.Wade & M.Hornsby[28] for the R.O plant with and without ERT. It was
concluded that more than 32% of total power can be saved by using ERT. A
comparison between the use of Impulse turbine and reversed running pump was made
by Al-bawardy consulting engineer[29] . According to Bolinger&Reisser up to 40 % of

the pumping power can be saved by using ERT . Design and dimensions of pelton



wheel are specified in Sulzer catalogue [30] . A formula for calculating the hydraulic
power recovered by the ERT was established by Kerman([31] which is :
3
7.37*10°* Pb* F. * Et

where

P . .

b brine pressure (psi)
Fb brine flow (mgd)

t  recovery ratio

Calder company [32] have designed different sizes of pelton wheel turbines , starting
from 22(M : /hr) to 176(M 3/hr) . They used the same material as reference [18]. A

new design was made with Ceramic mould for the cups.

1.2.4.3. ERT OF UMM-LUJJ RO PLANT:
Umm-Lujj RO plant is a one mgd desalination plant . its design includes four
identical pelton wheel turbine runners. Two units for each train .The discharged brine

water analysis of each train s :

pH - 6.3
Conductivity 70000 moh
T.D.S 55000 ppm
Chloride 30000 mg/1
Total hardness 10000 mg/l
Brine flow 252 mM%/hr
Temperature 33 0¢C

The original material used for these ERT units were Hastelloy-C and CN7M boride
coated Appendix A. CN7M boride coated runners failed within a short period and were
replaced byb Hastelloy-C. Again Hastelloy-C had severe pitting and large cavities after
1400 running hours. Finally it was decided to use alloy Ep-135 . After a short period
Ep-135 also failed and showed some corrosion[33-35]. Finally the contractor

mentioned that he hadn't more alternatives, because and as stated above there is a lack
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in the informations available about the proper materials in such devices. Actually this
problem represented one of the key aspects of this project. The idea was, what was the
main factor that cause such damages in the buckets. The other question, was it
necessary to build pelton wheel each time for testing different alloys, or dose the result
obtained from corrosion testing of alloy specimen under normal (static) conditions

give good indication about the behaviour of this alloy under sever conditions.
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1-Introduction:

Metals and their alloys are the elementary materials of industries. Cost and
reliability are the two main factors affecting the selection of the proper material for each
product. Each natural metal has its own properties and suitability for application . For
example, gold is the best material for corrosion resistance, but it has high cost and low
strength. Iron has high strength but low corrosion resistance in certain media, etc.. .
Alloys are made to meet the needs of industries in different fields and under different
conditions. Some natural metals are mixed together in calculated percentages to form

different types of alloys.

2-Alloys

An alloy can be defined as the combination of a metal with one or more
elements [36]. Usually the alloying is done to increase hardness, improve strength,
improve mechanical properties, improve toughness , increase wear resistance, increase
corrosion resistance or improve magnetic properties of a metal. There are different
types of alloys such as , copper alloys , Aluminium alloys, Magnesium alloys, Nickel
alloys ,Lead alloys, Tin alloys, Titanium alloys and Zinc alloys, all these alloys are

non-ferrous metal alloys.

2-1 Non Ferrous Alloys:
Not all the above non-ferrous alloy are related to this work because some of
them are not suitable for desalination plants and also they are corrosive alloy, such as

Magnesium alloys, Lead alloys and Tin alloys.
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2-1-1 Copper Alloys:

Pure copper is a good conductor. It is applied in many fields like electric wires ,
water pipes etc. It is easily cast and shaped. Pure copper is alloyed by adding many
other elements such as, Sulphur and Lead to improve its machinability. For
strengthening Copper , Chromium may be added. Silver can improve heat resistance
of copper. Alloying copper with Nickel gives the famous cupronickels alloys which
have the best general resistance to aqueous corrosion of all copper alloys. Copper
alloys may be classified into, brasses,bronzes, cupronickels and nickel-silver
alloys .
2-1-1-a) -Brasses alloys- are composed of copper and zinc elements. Sometimes
other elements are added to certain brass alloys. As the percentages of the two essential
elements vary the properties change. |
2-1-1-a-1) -Alpha brasses- containing up to 36% zinc possess good corrosion
resistance. There are two groups from alpha brasses - Yellow and red brasses .
Yellow brasses have 20-36% zinc . These brasses have good resistance to
intergranular corrosion , high ductility and good strength. Yellow brasses are subject
to pitting corrosion specially when these brasses in contact with seawater[34]. Red
brasses contain 5-20% zinc. These brasses have better corrosion resistance than the
yellow brasses.
2-1-1-a-2) -Alpha plus Beta brasses-. These contain 54-62% copper. Naval
brass (60Cu-39.25Zn-.75Sn) is the best type from brasses used for seawater
corrosion resistance.The most widely used alpha+beta brasses is munts metal
(60Cu-40Zn).
2-1-1-b) -Bronzes- Except the copper-zinc alloys all the alloys with copper are named
bronzes. Bronzes are higher-class alloys than brass. Commercial bronzes are primarily
alloys of copper and tin, aluminum , silicon or beryllium . Tin bronzes or
phosphoric bronzes are characterized by high strength and corrosion resistance.
Silicon Bronzes have mechanical properties comparable to those of mild steel and

corrosion resistance comparable to that of copper[40].
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2-1-1-c) Common -cupronickels- alloys are of 70% Cu, 30% Ni and 90% Cu,
10% Ni. They are widely used for condenser, distiller, evaporator and heat exchanger
tubes for naval vessels and coastal power plant[37].1t can be improve its corrosion

resistance in seawater by adding 0.3% Fe. Other metals, such as manganese and zinc

may be present in significant but small amount{43].

2-1-2- Aluminium alloys:

The main characteristic of aluminum is its light weight . It is lighter than other
engineering metals except magnesium and beryllium. It has good electric and thermal
conductivity[36-37]. Small percentages from iron increases the strength and hardness
of some alloys and reduce hot cracking. Manganese is used with iron to improve
castability , ductility and impact strength. Corrosion resistance can be increased by
adding Silicon.Copper and magnesium are added to increase the strength. Aluminum
and its alloys have good corrosion resistance in atmosphere. In water aluminum is
resistant to the solutions in the pH range of 4.5 to 8.5 without heavy metal ions.

-Aluminum has poor resistance to pitting corrosion in seawater, so it is not

recommended for use it in seawater .

2-1-3- Nickel alloys. ~
Nickel is the essential element in stainless steel alloys. It can be classified as
good corrosion resistance metal. It has good workability and good mechanical
properties. Nickel makes an ideal coating for parts subjected to corrosion and wear.
There are a number of famous nickel alloys systems in commercial use such as :
1- Pure Nickel, A nickel, D nickel, E nickel, Permanickel, and Duranickel.
All of these alloys contain at least 93% nickel ; all have a single-phase FCC
structure. From corrosion resistance point of view, A nickel is the best and
2% of Si may be added to improve its fluidity and castability. A nickel is used

where strength combined with corrosion resistance and oxidation is required.

D nickel is similar to A nickel but with the addition of 4.5% manganese . D



nickel is also similar to a nickel but with 2% of manganese . Duranickel is a
rough, age-hardenable alloy with more than 93% of Ni. It has the excellent
corrosion resistance of nickel. It has high strength. Permanickel alloy
contains more than 98% of Ni. It has the same corrosion resistance as
Duranickel alloy .In addition it has good electrical and thermal conductivity.

2. -Nickel-copper alloys- One of the most commercial alloy used as g
corrosion resistance alloy is the Monel alloy. It is Nickel-copper alloy. e
Approximately two-third nickel and one-third copper .Table shown in
appendix A shows the éomposition of various types of commercial monel
[38]. Copper is completely soluble in nickel. The addition of copper to nickel |

is made in order to decrease its price while retaining its corrosion resistance.
Monel has high corrosion resistance to acids, alkalies, brines, water, and
atmosphere. These type of alloys give excellent service in seawater or
brackish waters under high-velocity conditions, as in propellers, and
condenser tubes, where resistance to cavitation-erosion is important[39].
Monel is benefited by the high degree of nobility of copper and by the ability

of nickel to protect itself through the development of passive oxide film [40].

Its mechanical properties are better than those of bronzes and brasses. In
addition to its corrosion resistance it has good wear resistance.

3. -Nickel-Chromium alloys- There are three alloys based on nickel-
chromium alloy which are, nickel-chromium-iron based alloy, nickel-
chromium-molybdenum-iron based alloy and nickel-chromium-copper based
alloy.

3-a) -nickel-chromium-iron- based alloy. Inconel alloy is one of this
type of alloys. The composition percent of Inconel alloy is 76Ni-16Cr-8Fe. In
seawater it may be subject to pitting attack under low velocity conditions.
Generally inconel is useful in chemical industries from corrosion resistance

point of view[40]. It is applied in furnace and in the heat treating field.
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3-b) -nickel - chromium - molybdenium- iron- based alloy. The best-
known in this group being Hastelloy-C alloy. Its composition is 54Ni-
17Mo-16Cr-5Fe-4W . Hastelloy-C is outstanding in its corrosion resistance
in salt water.. Specimens immersed in sea water for 2049 days showed no
weight loss and no pitting[40]. Also hastellby-c has high heat resistance,and it
is applied in furnace and heat-treating ,Hastelloy-A and Hastelloy-B are
among the best alloys available (both are free chromium alloy). The
composition of hastelloy-A is 57Ni-20Mo-20Fe while hastelloy-B has 62Ni-
28Mo-5Fe. These alloys have good corrosion resistance to hydrochloric,
phosphoric, and other nonoxidizing acids[37]. ‘

3-c) -nickel-chromium-molybdenum-copper- based alloys. Illium
B, G and R are the alloys available from this category. They were developed

as materials resistant to nitric and sulfric acids.

2-1-5 Titanium alloys- Titanium is the fourth most abundant element in the earth. It
has excellent corrosion resistance up to approximately 1000 F. Titanium density is
4.45%103 [kg m-3]. therefore, titanium alloy structures have a high strength-weight
ratio and are particularly useful for aircraft parts. Commercially pure titanium is more

corrosion-resistant ,Jower in strength and less expensive than its alloys.

2-1-8 Zinc alloys- Zinc is more highly anodic than steel , this is the principal reason
for using zinc as coating for steel to prevent corrosion. The major fields for uses for

zinc are galvanizing, brass and die casting.

2-2  Ferrous alloys:

2-2-1. Metallurgy.
Stainless steel is Iron-Chromium based alloy. Fig(1) shows the equilibrium

diagram for Fe-Cr alloys. Chromium is a member of the group elements known as
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ferritic former. Stainless steel alloys are formed when the content of iron is more than
50% and the chromium is more than 12%. From Fig (1) it is clear that the gamma loop
divides the diagram into two main parts, with less than 12% Cr the alloy shows 0¥
(where X is Body-centered cubic(b.c.c) and ¥ is face-centered cubic(f.c.c)).
Transformation on heating and the reverse transformation will take place on cooling.
With more than 13% Cr ,no transformation will happen by heating. only X (b.c.c.)
phase will be existed. With more than 25% Cr there is another phase called sigma
(tetragonal structure) will be formed at lower temperature (<800 C). If the ¥ -loop
considered as shown in fig(2), & + ¥ phase can be noticed. It is a narrow region and
exists at high temperature. This mixed phase can be stretch to higher Cr percent with
present of carbon. Fig (1) shows the Fe-Cr équilibrium diagram without impurities.
Fig(3) shows the effect of carbon to this equilibrium diagram. Another important
element in stainless steel alloys is nickel. It is an austenite stabilizer as shown in
fig(4). Nickel increases the austenite stability,but at the same time it increases the
hardenability of the alloy. Fig(5) shows the isothermal section at 650°C through Fe-Cr-
Ni system. In stainless steel alloys there are other elements may be added for different
purposes. For example, Molybdenum(Mo) usually added to improve the passivity
and chemical resistance of stainless steels in the presence of Cl- Ions and reducing
acids. Mo is a very important additive for corrosion rgsistance stainless steel alloys. It
is ferrite former like Cr. Silicon and Alumenium are used to improve heat resistance
and both are ferrite former. Si improves the resistance of the alloy to attack by oxygen
or air. Copper which is austenite stabilizer added to improve corrosion resistance in
certain reagents. Generally Cr,,Mo,Si,Nb,Al,Ti,V,W are ferrite former, while
Ni,C,Mn,Co,Cu,N are austenite stabilizer. The first and second group are called Cr
equivalent and Ni equivalent ,respectively. Schaeffler phase diagram fig(6) can explain

the results of mixing different type of alloying elements.



| 1500 po== 1__1

°C
‘ 1400\
1300 \
1200 \
B\E
1100
) ok+¥
1000 :
a+Y /
800 5 10 15 20
Cro%
Fig (2)
¥ -loop

Reference No.41

21



22

% I T 1P P
1600 Liquid _L. -
;/‘{'l’?‘ﬁ..‘#% S B PR
1400 .///"‘ R ey Austenite
///} : % + Ferrite
1 iiT ] —
3 Duplex region
1200+ for Fe-Cr-C
T alloys with
1000 - : 0.6|% Cc
v 2 & N | -
06 800 Austenite -
5 Gomma loop for|— =
o 600 Fe-Cf'-C alloys —_—
s with 0.6%C |
g. - Austenite
¢ 2001 Gamma loop -
~ +— for carbon- --
200 4— free binary —_—
alloys .
0 -
10 .20 30

Chromium content, %

Fig (3)

The influence of carbonin Fe-Cr alloys.

Reference No.41



23

L .
0+ B+l-
| 455°C
1436 °C
1300
1000
910°C
eogk\ [
770 \\
600 \\\\\ """
\ N~
\ B
400 N\ X+ S .
o< N b ‘s\ 1353 °c
200

fe 10 20 30 40 S0 60 70 80 90 Ni
Nickel content, wt %

| Fig (4)
Equilibrium diagram for Fe -Ni alloys

Reference No.41



Y AN VAVAVAN!
70 é’A!A'AVAVAVA 30

N L lAAVAVAY,
N ANVAVAAVAVAVAV:

/
Fe 10 20 30 40 50 60 70 8 90 Ni

: Ni /6
Fig (5)
Fe-Ni-Cr ternary system phase

24

fields on the 650 °C. isotherm.

Reference No.41



%M

»
/.
»
[~
9w

tenile

"( .
7 ¢
\ M,,\ ///_;4::0*“«\4
\ \ AE i *(‘ﬂ\t&/
/

Nickel equivelent =% Ni+30x% C+0.5x
B3

8 Marterisitc— AtM+F -S/ | 00% t,‘arﬂt
\ M+F Ferrite
+
oM —
0 [ 16 2% 3 4

Chromium equivalent=% Cr+% Mo+ 1.5x% Si+ 0.5%x% Nb
Fig (6)

Phase diagram for stainiess steel weld
deposits.
Reference No.41



" 26
2-2-2. Stainless Steel(S.S.) classification:

From the above it is clear that there is a possibility to produce unlimited
number of S.S alloys . All this number of alloys can be classified according to there
microstructures. Scaeffler diagram explains that there are four various type of alloys,

Ferrite , Austenite , Martensite , and Duplex alloys. Of course each of these

alloys has its own properties.

2-2-2.1. Ferritic Stainless Steels

Ferritic S.S has b.c.c. crystal structure . It contain approximately 14-27 % Cr
with low percentage from Ni (<.5%). Refering to fig(1) it is clear that this alloy occurs
where only O phase is available. In other words this alloy cannot be hardened or
strengthened by heat treatment but can be moderately hardened by cold working and
annealing. Ferritic alloys are subject to grain growth when held for long times at
temperature above 1000 C. They develop their maximum corrosion resistance,ductility
and softness in the annealed condition. This type of alloy is magnetic. The ferritic steels
offer good seawater corrosion resistance provided the water is not stagnant and marine

organisrh'sA are absent [40-41].

2-2-2.2. Martensitic Stainless Steels. ~

The main difference between Martinsitic and ferritic S.S. is the ability of
martensitic S.S. to the heat treatment, and this feature is gained by adding some carbon
~ to the Fe-Cr system as shown in fig(3). These alloys contains between 11.5 and 18%
Cr. The maximum strength and hardness depend on carbon content. Ferritic S.S. is
better than martensitic S.S. from corrosion resistance and machinability viewpoint. It

can be cold , heat-worked easily.and is magnetic. These steels are normally hardened

by heating them above the transformation range to temperature near 1000 C [37-41-42]
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2-242.3. Austenitic S.S.

Austenitic S.S. are formed by the addition of a f.c.c. elements to the Fe-Cr
system.. The main elements usually used are nickel or manganese . Most of the
austenitic S.S. available commercially are Fe-Cr-Ni alldys.The total content of
chromium and nickel is at least 24%. Chromium can range from 16% to 26% and
Nickel range from 8% to 22%. As the percentage of nickel increases the structure of the
alloy tends to be more austenitic as shown in fig(7). This type of S.S. is like the
ferritic steels in that no transformation will take place by heat treatment. And
recrystallization can only be achieved by cold or hot working. It is non-magnetic as
compared with the magnetic ferritic and martensitic S.S.. Austenitic S.S. are the most
corrosion resistant of the stainless steels group, and this due to their high chromium

and nickel content.

2-2-2.4. Duplex Stainless Steels.
Duplex S.S. are formed when the percent of Cr exceed the balance limit in

austenitic steels. It is mixed of austenite and ferrite crystals(%€ + 8 ). In fact the
| structure of S.S. can be determined by the balance between those elements that form
ferrite(Mo,W,V,Ti,Al,Si, and Cr) and those that stabilize the austenite (C,N, and Ni).
Most of the duplex alloys contain very low carbon (< .03%), between 20% and 30%
Cr, about 5% Ni, and other ferritizers and austenitizers to abtain the desired structure.
There are different grades from duplex steels. Some of the advantages of these steels
are:

a) Improvement of corrosion resistence in certain reagents, and this is due to the
increase in Cr content.

b) They have higher yield point value from fully austentic S.S. , after treatment at high
temperature.

c) These steel can be welded with much less risk of cracking than fully Austenitic

steels.



1400} /
Ferrite —2400
1200} '
O <2000 w
° 1000} . ‘o
[\ Austenite -
\5 41600 3
5 800 o
= 8
a <4200 £
£ 600 T
'S:‘ \-—. —-
-800
400+ Ferrite ~
Austenite
200 4400
1 L. A — 1
2 A 6 8 10
82% Fe Percent Nicke] ———s-
18% Cr
0% C
0% Ni H
Fig (7)

Effect of Ni percentage.

Reference No.36



29
2-2-3, Series of Stainless Steels.

There are different commercial naming for S.S. series. In this section only
AISI standard will be considered [appendix 1] shows the composition of the main
standard alloys. According to the above classification, S.S. were classified
commercially. 430, 430F, 430Se, 442, 405, and 446 S.S. are ferritic S.S.. 430
type is the basic steel alloy in this group and all the rest types are modified according to
the engineering requirement. 430F is the modified alloy to be applicable for free-
machining for heavy cuts etc.. 430Se is the Free-machining modification of 430 for
light cuts. 405 is the modified alloy to improve the weldability. 442 and 446 are the
modified alloys to increase the corrosion resistance.

~ Some of the commercial maﬁensiﬁc S.S. available are 410 , 403 , 416 ,
420 , 431 , 440A , 440B and 440C. Type 410 is the basic alloy in this gfoup .
416 and 416Se are modified to improve the machinability. 440 steels have high
chromium percent to improve the corrosion resistance etc. .

300 series S.S. are from the austenitic steels. The basic alloy is 302. Types
309, 310 and 314 have more Cr and hence greater heat resistance. Types 316 and 317
with additional Mo have the highest corrosion resistance of the standard grades and also
have high creep resistance. 316L alloy is modiﬁed' from 316 alloy and it has low
carbon content for welded constructions . There are another austenitic steel alloys called
200 series and include 201 and 202 , but still these type are modified from 301 and 302
respectively.

The above stainless steels are the standard alloys, and there are some high alloy
stainless steels such as AL-6XN, AL-6X, 254 SMO and HR 8N. Some of these alloys
designed to resist high temperature media and the other to resist corrosive environments
and some of them to resist both. The compositions of some high alloy stainless steels
are shown in appendix A.

Finélly and as mentioned before that there are unlimited alloys that can be

produced, depending on the composition and percent of the elements used. Some of the
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S.S. manufacturers are continuing research and developing a new S.S. alloys

according to their need and requirement.

2-2-4, Material investigated.

The material and alloys used in the work described in this thesis are
Titanium, SMO, Hastelloy C, 26Ni-18Cr-5Mo , 316 and 430 alloy. The
composition of these alloys are shown in appendix A. Titanium was selected as the
upper reference in this comparative study, due to its significant high corrosion
resistance to seawater, while 430 steel was considered as the lower reference due to its
fair resistance to seawater corrosion . It is important to note that the above mentioned
metal and alloys are ferrous and non-ferrous metals. Titanium and hastelloy C are
non-ferrous metal and alloy respectively and the rest are ferrous alloys . From the
previous study it is clear that Ti and hastelloy C are the best alloys for corrosion
resistance in seawater. From the standard classification AISI, 316 was described as
the best alloy for corrosion resistance. SMO steel alloy is an austenitic stainless steel ,
with high percentage of Cr, Ni and Mo . The addition of Cr and Mo is to improve its
resistance to pitting and crevice corrosion, while the addition of high amounts of Cr,
Ni and Mo improves its resistance to stress corrosion cracking. The main reasoﬁ for
producing this alloy is to use it instead of expensive materials such as nickel based
alloys or titanium in environments that contain halide ions like chloride [40]. The last
sample used is 26Ni-18Cr-5Mo which is similar to SMO alloy but with additional

amount of Ni.
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CHAPTER THREE

E ROSI

1. Definition:

The word corrosion means the destruction of a material under the chemical or
electrochemical action of the surrounding environment[44]. Some other corrosion
definition limit the destruction for the surface of material[45], and some other includes

metallurgy reactions[37].

2. Mechanism Of Aqueous Corrosion:
The mechanism of aqueous corrosion is electrochemical in nature. Assuming

the metal to be bivalent , the reaction can be written:

2+
Me _ Me +2e Anodic reaction
2+
Me +2e ——> [Me Cathodic reaction

In case of the metallic corrosion there different cathodic reactions may takes place. The
most common are:

Hydrogen evolution 2H*+2e H,

Oxygen reduction Oy+4Ht+4e  2H,0

Or 0,+2H,0+ - 4(OH)"

In natural seawater at pH aroun 8 the Oxygen reduction reaction is usually more
important in corrosion than Hydrogen evolution.

Before discussing the electrochemical reaction it is preferred to discuss briefly the

principles of thermodynamic and kinetics.



2.1. Thermodynamic Principles:

Thermodynamics is the science which study the energy changes of the
substances. There are three laws in thermodynamics, but the most important law that
related directly to corrosion is the second law. The second law may be expressed as
follow; for any process to occur spontaneously , there must be an increase in entropy
of the universe , and the entropy can be defined with the dégrec of disorder or
randomness of the system[45].

From the definition above it is possible to define the change in free energy as
the direct measure of the work capacity or maximum electric energy available from a
system. This change in free energy may be a negative or positive value , depending on
the change accompanying the transition of the system. If the value is negative, this
indicates a loss in free energy of the system.,

The above law can be applied to the corrosion processes. During the
manufacturing stage of the material from their ore situation, all these materials are
subjected to external energy in order to form them . This conduct the materials to
~ reverse their free energy situation as a spontaneous direction .

The free energy change accompanying the electrochemical reaction can be
calculated from the following equation

AG=-nFE
where :-

A G = Free energy change

n= the number of electrons involved in the reaction

F= Faraday constant (96, 487)

E= Cell potential
The value of E can be calculated from a comparison studies between the potential of
different materials . It is the potential difference measured between a certain electrode
and a reversible reference electrode. To clarify this potential, the concept of standard

half cell should be explained. If an electrochemicai cell constructed as shown in Fig(1),
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containing two dissimilar materials. The voltmeter will indicate potential difference
between these two materials, consequently, there are unlimited potential values between
the different materials . To have a unique potential value for each material , the potential
of all the materials were measured with hydrogen electrode as the reversible reference
electrode. The potential of this reference electrode agreed to be zero. The potential
values measured from this cell called the standard oxidation reduction (redox) potentials
as listed in table (3-1). To measure the overall potential through electrochemical cell E,

Nernst formula may be used ,

_ RT Q oxid
E=Eo+2.3 3 199,10 Ared

where ,
E o = Standard half cell potential
R=Gas constant
T= Absolute temperature
n% The number of electrons transferred.
F=Faraday constant
9 oxid = Activity of oxidized species.
Ared = Activity of reduced species.
From this formula Dr. Pourbaix established graphical methods with the use of
diagrams of electrochemical equilibria , drawn as a function of pH ( abscissa) and
“electrode potential (ordinate) as shown in fig(2) . These curves give an indication
whether corrosion will take place under certain conditions or not , and gives the
immunity of the metals as well as shown in fig (3) .
Fig(2) and (3) shows the diagrams of Fe-H,O system where the region of
stability for Fe?*(aqueous) is bounded by four lines representing the equilibria between

the following reactions[45]:

Line (a) Fe?*(Aq) + 2e(Fe)=Fe(solid)



Elements Potential
mv

Au=Audt+3e +1.498
O+4H++4e=H,0 +1.229
Pt=Pt?++2e +1.2
Pd=Pd?++2e +0.987 |
Ag-Agiie +0.799
2Hg=Hg,**+2e +0.788
Fed++e=Fe2+ +0.771
03+2H,0+4e=40H +0.401
Cu=Cu?*+2e +0.337 |
Sn4+4+2e=Sn2+ +0.15
2H+*+2e=H, 0.0000
Pb=Pb2++2e -0.126
Sn=Sn2++2e -0.136
Ni=Ni?*+2e -0.250
Co=Co?+ -0.277
Cd=Cd2+ -0.403
Fe=Fe2+ -0.440
Cr=Cr3++3e -0.744
Zn=Zn+ -0.763
Al=A13+43e -1.662
Mg:Mg2+ -2.363
Na=Na*+e -2.714
K=K++e -2.925

Table (3-1)
Standard Redox Potentials(25°C)
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E=E°+RT/2F) log,o(h Fe2+/aFe)
=-0.61V
Line (b) Fe3+(Aq) + e(Fe)=Fe2*(Aq)
E=E°+(RT/F) log, o(hFe3+ /hFe2+)
=+0.77V
Line (c) Fe;O4(solid) + 8H+(Aq)+2e(Fc)=3Fez+(Aq)+4H20
| E=E°+RT/F) log,o(hps/Mrezs)
=+1.51-0.236pH V
Line (d)Fe203(solid) + 6H+(Aq)+2e(Fe)=2Fez+(Aq)+3H20
E=E°+(RT/F) log, o(hy,/hger4)
=+1.08-0.177pH V
The left portion of these diagrams represents acid media and the right portion
alkaline media ; the top portion represents oxidizing media and the bottom portion
reducing media. The region below the dotted line (a) represents the circumstances under
which water may be reduced with the evolution of hydrogen ; the region above the
dotted line (b) represents the circumstances under which water may be oxidized with
evolution of oxygen . The region between the two lines (a) and (b) represents the
circumstances in which both this reduction oxidation are impossible [44]. This region
represents the region of thermodynamic stability of water .
Finally, these curves predicting the spontaneous direction of reactions and

estimating the corrosion products composition.

2.2. Electrode Kinetics.
The above thermodynamic principle gives the indication of the direction of
“corrosion, but it tells nothing about the rate of corrosion, which is the most important
from the corrosion engineeﬁng point of view. Electrode kinetics principle can give the
behaviour of corrosion rate. Obviously the rate of corrosion may be expressed as a
current density (A/m?) . If the two materials in fig (1) are short circuited as shown in

fig(4) , a lot of electrons will transferred from zinc to hydrogen electrode and the zinc
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will dissolves while hydrogen bubbles will evolve. In this case zinc electrode is
oxidized and called anode and the hydrogen electrode is reduced and called cathode .
The electrodes in fig(4) will no longer be at their equilibrium potential. The deviation
from the equilibrium potential is called the polarization . Of course the cause of this
deviation is the net current between the cell electrodes. The magnitude of polarization
measured in terms of overvoltage J*. To understand the polarization effect , there

must be a brief discussion about the exchange current density.

2.2.1. Exchange Current Density i,

If a reversible electrode is considered , then the rate of oxidation under
equilibrium conditions is equal to the rate of reduction. If for example this reversible
electrode was hydrogen established with platinum electrode then the rate of exchange
will be constant . If r,, is denote to the oxidation rate and r_4 is denote to the rate of
reduction , then it is possible to derive the relationship between the rate of reactions and
the exchange current density from Faraday's law:

Foxid= Fred = lo/(nF) 7

The exchange current density iy can be defined as the rate of oxidation and
reduction reactions at an equilibrium electrode expressed in terms of current. It is

observed that the exchange current density varies depending on the electrode metal. For
example i in case of Hg electrode -under cathodic reaction in HCI solution- is about

=12
2x 10 amp/cm?, while for Fe electrode under cathodic reaction in H,SOy, iy is

about 10 amp/cm?.

2.3. Polarization

If the case of hydrogen reversible electrode is considered again , then the
hydrogen evolves from two types of polarization ; activation polarization and
concentration polarization. In activation polarization two hydrogen ions are reduced in

contact with the metal surface and combined at the metal surface as shown in Fig(5).
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while in concentration polarization the evolution of the hydrogen ions reduction is not
necessarily take place in contact with metal surface, as shown in Fig(6) . Tafel
equation can solves the overvoltage of the activation polarization :

Wact= *510910-—]_1—
o

where,
M act= Overvoltage
B = Tafel constant
i= The rate of oxidation or reduction in terms of current
density.
For the concentration polarization the overvoltage can be calculated from the

following equation:

-~z RT (1-—1_
Meon=23 RLTog, , (1-——=)

L
where,
I con= Overvoltage .
iL= Limiting diffusion current.
Or
i - DhF Cq
X

D=Diffusion coefficient of the reacting ions .
Cg= The concentration of the reacting ions.
X=Thickness of the diffusion layer.
Usually both types of polarization occur at electrode . The value of the total
overvoltage of electrode is the some of overvoltage of activation and concentration
polarization.

Py = MWoact + Meon

where,

B ¢ = Total overvoltage.



Fig (5)
Hydrogen-reduction reaction under
activation control.
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2.4 Mixed Electrodes.

A mixed electrode is an electrode or metal in contact with two or more
oxidation-reduction system . It is based on the mixed-potential theory which state that
any electrochemical reaction can be divided into two or more partial oxidation or
reduction reactions and the rate of oxidation reaction must equal the rate of reduction
rate. Fig (7) shows a typical case of zinc immersed in hydrochloric acid. The reaction
will take place at point (A) which is the intersection between the oxidation and
reduction lines and at this point the two hypotheses of the mixed-potential theory are

satisfied.

2.5. Passivity.

Passivity can be defined as a loss of chemical reactivity of metal or alloy under
certain environment conditions [43]. The basic explanation of this phenomena is that
there is an oxide film formed on the metal or alloy surface, and this film protect from
the chemical or electrochemical reaction. The nature of the oxide film is not identified
clearly . The studies on this field do not give sufficient information concerning the
nature of this film and its mechanism. Fig (8) shows a typical curve for anodic
polarization test. Increasing the potential positively, the current increases and following
Tafel slope, and this region is called an active region . Increasing the potential
positively a huge reduction in the current flow will take place , and independent to the
increase of the potential the current will remains constant and low , the reason of this
reduction is the forming of the metal or oxide film, this region being called passive. By
increasing the potential , a dramatic increase in the current will happen, which means a
breakdown of the oxide film is happened.

In case of mixed electrode principle there will be three possible cases of
intersections between the reduction process and the exchange current density as shown
in fig (9) . In Case 1, the intersection takes place in the active region which means high

corrosion rate will exist. In Case 2 there are two possibilities in the active and hence
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high corrosion rate and the other possibility in the passive range with low corrosion
rate. Point C was neglected because it is not satisfying the second hypotheses which
indicates that the system should be stable electrically and this point is not stable
electrically . In Case 3 the intersection takes place in the passive range and low
corrosion rate will exist. This point is the most desirable from an engineering point of

view .

3. Effect of the Corrodent Conditions

As the corrosion is an electrochemical reaction between the metal and its
envirbnment, it is necessary to study the effect of the environmental conditions to the
corrosion process. The conditions of the corrodent or the environments may be

considered as the temperature , velocity , oxygen , chloride concentration and pH .

3.1 Temperature

Increases of temperature has two effects. First it increases the critical current
density as shown in fig (10.a) , second it reduces the concentration of dissolved gases ,
such as oxygen which leads to a greater degree of polarization of the oxygen reduction
reaction as shown in fig (10.b)[47], Hence these two effects act in opposite. The
combination of these two effects makes the corrodent more aggressive by increasing its
temperature. Of course this conclusion is in general , otherwise there are some metals

and alloys slightly affected by the temperature .

3.2 Velocity

Corrodent velocity affects the corrosion rate of systems rate controlled by
‘concentration polarization and does not affect the activation polarization. As the velocity
of the solution increase , the rate of corrosion increases , but this increasing corrosion
rate is limited by certain levels of velocity. Fig (11) shows this fact , corrosion rate is

independent of solution velocity at curves 4 and 5. This is from electrochemical reaction
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point of view . Practically there is a possibility for erosion corrosion reaction at high

velocity specially if the solution contains suspended particles.

3.3 Effect Of Oxidizer

In case of active-passive metal, as the oxidizing agents increase the rate of
corrosion increases as shown in fig (12.a) points A, B and C . But with a little
increasing of oxidizing agents the metal becomes passive and intersect with the anodic
curve at point F . By adding more oxidizing agent , the metal tends to be active as it

intersect the anodic curve at point J as shown in Fig (12.b) .

3.4 Chloride Concentration
Chloride ions are responsible for attacking and damaging the oxide film which
protect the active-passive metals from corrosion. Fig(13) shows who the concentration

of chloride reducing the passivity of the metal and increasing the critical current density

3.5 pH Effect
As pH increases the hydrogen ions (H*) decreases, as the concentration of the
H* increase the corrosion rate usually increases . In other word as the pH increase the

rate of corrosion will decrease. The shape of the effect of Ht is shown in fig (14).
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1-Introduction

It is very important to study the corrosion effects on the materials in the
laboratory . The economic benefits gained from the results of laboratory testing are
considerable . These results can reduce the cost of production, installation and
maintenance of metal products . In so many cases the life time of metal products can
be improved due to the results of testing . But the corrosion testing in the laboratory
has some difficulties , such as the limitation of the size of metal to be tested and the
corrodents used . As well as the limitation on the laboratory , the simulation of the
actual environment in the laboratory is another difficulty . In so many cases the
corrosion takes place after a long period of exposing the metals to the environment ,
while in the laboratory it is difficult to wait for a long time to study the effect of

corrosion on a sample .

2-Reas6n_s For Corrosion Testing :

There are different reasons for corrosion testing . Sometimes corrosion
testing is carried out to check the standardization of material, or to find the time
required to start the corrosion of the material . Testifig is also carried out to study

the mechanism of corrosion . Tests are also made to select the proper material for a

certain environment .

3- Testing Classification:

Corrosion testing may be classified in the following way:
1- Laboratory tests.
2- Pilot plant tests.

3- Field tests.
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3-1 Laboratory Tests:

Laboratory tests use small specimens and a small quantity of the corrodent
compared to the actual corrodent . It is very important to simulate the test
environment with the actual as possible. The results obtained give a good indication

of the application of the material tested .

3-2 Pilot Plant Tests :

The idea of this type of test is to build a small scale product or prototype of
the actual products , then to expose this prototype to a typical environment where
the actual products will be exposed to . The results from this type of test are more
accurate and reliable . This type of test is used usually when commercial quantity of

products will be produced .

3-3 Field Tests:
Field tests are carried out on the site of any plant or equipment. The results
from these tests are very useful for the equipment and site . The disadvantages of

this test are the limitation on the samples number, lack of control cost and

irreversibly .

4- Factors In Laboratory Testing:

From the basic definition of the corrosion , it is clear that the two main

factors are the specimen and the corrodents.

4-1 Specimen
The main factor in the corrosion testing is the specimen or sample. The
specimen should pass through three stages during corrosion testing . The first stage

is the specimen preparation , which takes place before commencing the test . The
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second stage is the exposure of the samples to the corrodent. Finally, the analysis

of the sample after exposure to the corrodent.

4-1-1 Specimen Preparation

Selection of the specimens should be carried out carefully . The chemical
composition , fabrication history and metallurgical history are all required and
should be reported well before starting the testing. The shape of the specimen
should be designed according to the requirements of the test. The size of the
specimen used must be selected carefully , because the results of corrosion tests
cannot be expected to be independent of the size of the test specimen used [48], but
if the dimensions of the specimens used are kept the same when comparing
different material , it will be possible to make reliable estimates of the behaviour of
the materials tested , but as comparison results. A square shape with one half
square inches is the common shape used [49] . Rectangular or circular shapes may
also be used .
The specimens should be cut from the suitable material. For example , if the
application requires a casted metal , then the samples should be cut from casted
sheet . It is not recommended to use specimens cut from bar , in order to minimize
the exposed cut grain . It is preferable to duplicate thg specimens .Corrosion rates
of duplicate specimens are usually within 10% under the same conditions . If the
mechanical properties test will analyse the damage on the specimens , then some
specimens should be stored and protected to compare it with the exposed
specimens.
Finally all damages or cold working during specimen preparation should be

reported.

4-1-2 Specimens During Exposure
All the specimens should be subjected to identical conditions ( i.e corrodent

temperature , salinity , oxygen and velocity etc..) .
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4-1-3 Specimen After Exposure

This stage is after the specimen exposed to the corrodent and before
analysing it . At this stage only the cleaning of the specimens is required . There are
two main methods for cleaning the specimens , mechanical method such as scraping
, brushing , scrubbing with abrasives or sandblasting . The chemical method ,
where some chemical materials are used for cleaning such as Clark solution which

is consist of 1. liter HCl, 20gm antimony trioxide and 50gm stannous chloride..

4-2 Corrodents
The corrodents used in the laboratory should be prepared carefully. The
characteristics of the corrodents should remain as constant as possible , such as

temperature , viscosity , conductivity, purity and pH value.

5- Measurement Of The Damage On The Specimens
There are different methods and techniques for measuring the damage on the

specimens caused by corrosion . Each method depends on the type of corrosion to

be measured.

5-1 Visual examination

Corrosion may be detected visually . This method is used on sites like tanks
, pipes equipments or industries . Cracks , pitting or change in the surface colour of
the metal can be guided to recover the corrosion . It should be noticed that change in

surface colour may be due to scaling and not corrosion .

5-2 Weight Loss Method
The common method used for measuring the damage of the corrosion is the
weight loss method. This method describes the amount of the metal lost due to the

corrosion reaction. Practically this method has disadvantages, e.g, the corrosion
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which takes place is not usually uniform. Another disadvantage is that the corroding
metal has a film of corrosion products and to weight the remaining metal accurately
it is necessary to remove the corrosion products without removing parts from the
metal. In this method the corrosion rates are expressed in weigh loss per unit area

per unit time . In S.I units , the corrosion rate measured by g/(m2)(sec).

5-3 Pit Depth

A pitis an area of localised attack on the metal . There are different methods
to determine this type of corrosion . If the pitting are broad and shallow , the
measurement can be done by a rounded spindle micrometer . If the pitting are deep ,
then it is possible to use a micrometer with a sharply pointed spindle . Another
method may be used to measure the depth of pittings by a microscope . A
microscope fitted with a calibrated focusing knob can be used by focusing first on
the lip of the pit then on the bottom of the pit and then the pit depth can be calculated
from the difference between the two readings. Finally, in some cases it is easy to
section the specimen through an axis passing through the pittings and measure the

depth with a normal micrometer.

5-4 Change In Mechanical Properties. ~

This type of measurement depend on the comparison between the metal
exposed to the corrodents and the same metal not exposed . The comparisons will
be from the mechanical properties point of view (i.e Ultimat, tensile strength ,

fatigue etc..) . The comparison shows the effect of corrosion on the mechanical

properties.

6. Electrochemical Tests.
Electrochemical tests have been attractive to many investigators because they
operate on the mechanism of the corrosion process . Electrochemical techniques

offer a clean way to accelerate the corrosion process . For example , they can be
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used to increase or control the oxidizing potential of an environment and thereby
reveal specific characteristics of a material , such as passivity , without adding
chemical oxidizing agents . Similarly for measuring corrosion rates without
removing the sample from the environment [50] .

It is possible to estimate the corrosion current using polarization techniques
. There are three different techniques used in this regard. All these techniques are
based on the Tafel behaviour , where the anodic contribution to the net current
density can be ignored if the specimen potential is 50 mV more negative than the
open circuit value and the same for the cathodic but the neglecting will be at
potential 50 mV more positive as shown dramatically in fig (1) .

The first technique is to polarize the specimen to potential at least 50 mV
more negative than the open circuit corrosion potential, and sufficient data points
taken to obtain a reliable Tafel line . The current density data can be extrapolated
back to corrosion potential using semilogarithmic plot to obtain the corrosion
current density value .

The second technique is the same as the first but the specimen polarized
anodically to a potential greater than 50 mV more positive than the corrosion current
potential and the process repeated as the first.

The third technique requires that both anodic and cathodic polarization be
carried out as described above, and the intersection of the anodic and cathodic gives
the corrosion current.

Anodic polarization techniques have been used to characterize the corrosion
characteristics of metal alloys in specific environments . The approach is to immerse
the specimen in an environment which does not have oxidizing agents present . The

“specimen is then polarized anodically to determine its corrosion current as a
function of oxidation potential . This technique is desirable for metals showing
passivity such as stainless steels . Also this technique can be used to evaluate
different alloys over a range of oxidizing conditions if the conditions are held

constant. This technique requires potentiostat , scan generator , calomel electrode ,
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1. Introduction.

Corrosion is still one of the most industrial disease not fully controlled. From
previous chapters, it is clear that corrosion investigation is still based on the laboratory
expeﬁments and field experiences. In general, no specific equations or models can deal
with corrosion behaviour . Each material or alloy has its corrosion behaviour under
certain conditions . In Ummlaj RO plant there was a problem, on which alloy is the
best to use as mentioned in chapter one , and to investigate this problem , is it necessary
to built a pelton wheel turbine from a wide range of high grade alloys in the laboratory
and test them under the same conditions?. Of course this will be the ideal, but it will be
costly . In other word , is it possible to take the ordinary polarization test results under
the static and normal conditions as a guide to compare the different alloys corrosion
behaviour under severe conditions , and what is the effect of the environmental

conditions on the corrosion process, specially for the high grade alloys .

2. Literature review.

A lot of work made to sfudy the corrosion resistance behaviour of stainless
alloys. Different media were considered , such as, acids, potable water , seawater,
oxidizing environments[51], Chloride environments[52,53,54], bromine-containing
environments[69], bleach-plant environments[55] and paper industry
environments[57]. Effect of of environmental variables and alloy contents on the
crevice corrosion was made by R.Kain[56]. Much of this work has used
electrochemical techniques to assess corrosion behaviour, and much valuable

information can be gained from such measurements.



2.1 Summary of electrochemical study of localised corrosion:

As described in chapter four, there are numbers of electrochemical techniques
which have been used to study localised corrosion of stainless alloys. The most
frequently used one is to carry out an anodic polarization scan from corrosion
potential(Ecor). A typical result from this techniques is shown in fig(1). X-axis shows
the current measured from the specimen, while Y-axis shows the scan potential. Ecor is
the free corrosion potential. Ec is the potential at which breakdown of the passive film
occurs and hence is a measure of the resistance of the material under test to the initiation
of localised corrosion. By reversing the scan of the potential from Ec negatively, the
oxide film try to reform again, Ep explain the potential where the oxide film is reformed
and is often called the repassivation potential. Ec and Ep values can give an indication
about the behaviour of corrosion of diffrerent alloys, for example, when the value of Ec
potential very high (1000 mv) this means that the oxide film of this alloy is strong
enough and can resist the corrosion on this environment. when the scan of the potential
is reversed after localised corrosion took place, and the oxide film reformed
immediately, again this means that the oxide film is strong. Generally Ec's may be
considered as a unique property[58] and its measurement does provide very useful
comparative information on behaviour of different materials in a given environment or

of the behaviour of one material in varying environment.

2.2 Corrosion Resistance of Stainless Alloys in Seawater:

A lot of work made at ambient temperature and oxygen saturated seawater
conditions, and the previous work in other conditions relevant to desalination plant
have been rather limited, specially in respect of RO-plant conditions. Hence this work
was aimed at providing some more precise information under these conditions.

T.Lee[60] reported the results for types 304 and 316 stainless steel exposed in

natural seawater. Crevices were made on the specimens . Times to initiation and
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propagation rates as determined from current measurements were compared with visual
observations of times to initiation and gravimetrically determined propagation rates. He
conclude excellent correlation exists between corrosion rates determined from
conventional weight loss and current measurements between creviced anodes and a
bold cathode. The tests done at 10,25 and 500C. T. Hodgkiess & Asimakopoulos[61]
demonstrated that Titanium has excellent corrosion resistance in a range of seawater
conditions up to 600 C. Also they stated that, alloys with higher (Cr + Mo) contents
have been shown to have superior corrosion resistance to type 316L stainless steel at
low temperatures but not under highly-oxygenated conditions at elevated temperatures.
A comparison of the corrosion resistance of some high-alloy stainless steels in seawater
at 20-100° C was made by T. Hodgkiess and S.Rigas[62]. Six alloys were used in this
study, 316L was one of them. Crevice corrosion was considered. They concluded that
in aerated seawater at higher temperatures , even the higher-grade stainless steels
become more susceptible to crevice corrosion initiation, also they stated that under
lower oxygen conditions at 250 C and 60° C the susceptibility to crevice corrosion is
much reduced in all materials. T .Hodgkiess ET Al[63] made a study of the corrosion
behaviour in MSF plants of a number of materials, including welded joints. The results
shows that stainless steel welds showed better corrosion resistance but corrosion of
types 304 and 316L steels occurred at crevices. Titanium exhibited very good corrosion
resistance. Potzschke & Rockel[64] stated that the pitting resistance generally drops
strongly in the temperature of 600 C. Only few alloys namely with the highest Cr an
Mo contents are pitting resistant even at temperature up to around 1000 C, Different
grade from stainless steels were tested in Arab Gulf by S. Nordin[65]. Crevice
corrosion was considered. Type 321 Stainless steel showed extensive crevice and
pitting corrosion after 2000 hours exposure , where type 316 showed the crevice
corrosion after 5000 hours. High grades stainless NU 44LN and 904L showed only
shallow crevice attack. A high-alloy ferritic stainless steel , was completely free from
corrosion.T. Hodgkiess Et AL[70] studied the localised corrosion behaviour of some

high alloy stainless steels in seawater at 20-100°C, some austenitic and ferritic stainless

64



steels and titanium were tested, also they used aerated and deaerated seawater, their
conclusion was that all stainless steel alloys included in their study exhibited at least
slight crevice attack after extended exposures to seawater at 1000C. Olsson &
Wallen[66] made field test at ambient temperatures and aerated conditions and they
mentioned that the corrosion resistance of the 6% Mo stainless steel in seawater is
superior to that of other stainless steels and excellent alternative to copper-base and
nickel-base alloys. Laboratory and field tests were done. 316, 254 SMO and hastelloyC
were some of the materials tested. A beneficial aspect of galvanic-corrosion of carbon
steel is that it can confer a degree of sacrificial protection which reduces the
susceptibility of adjacent regions of coupled stainless steels to pitting or crevice
corrosion, this was stated by T.Hodgkiess ET AL[67] after testing different alloys such
as cupro-nickel, Titanium and stainless steels in saewater. A. Mollica ET AL[68]
evaluated the crevice corrosion resistance of series of SSs in natural seawater in the
temperature range of 25 to 400C.

The above literature gave the idea of the plan of this work, that most of the
work above were done for the effect of the temperature on corrosion of the materials,
while in RO-desalination plants there are other important factors that affecting corrosion
processes, such as the flow of the corrosive media, the pressure, varying oxygen
concentrations, jet impingement effect and the level of salinity. In this work all these
factors were considered in addition to the effect of the temperature, crevices and time

factors.

3. Experiments Plan
The environment factors considered in this thesis were as follows:-
a- Temperature.
b- Salinity.
c- Dissolved Oxygen .
d- Time .

e- Flow.
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f- Jet impingement effect.

Another factor considered and not related to the environment which is the
effect of the crevice on the specimens .

The techniques used are the anodic polarization and weight loss methods. The
tests on this project may be classified into four main tests as follow :

Ordinary polarization tests.

Long term immersion tests.

Weight loss method tests.

Flow effect tests.

Jet impingement effect tests.

The alloys used are as mentioned in Chapter Two and listed in table (2-1) .

3.1 Ordinary Polarization tests
In these tests, all the six alloys are tested under the following conditions:-

1) Fixing the salinity of the solution at 35000 ppm with aeration to keep dissolved
oxygen high (i.e 7 ppm ), and testing the specimens under temperatures 25, 35,
45, 65 and 85° C . In each test the solution is changed by a fresh one .

2) Deaerating the solution to keep the dissolved oxygen below 0.5 ppm, and again
testing the specimens at the above temperatures .

3) The same procedure above is done but for solution salinity of 55000 ppm.

In this case each specimen is tested 20 times. The number of tests required for this

group is 120 tests.

3.1.1. Apparatus Required:
The apparatus required to carry out these tests are potentiostat , scan
generator , calomel electrodes , auxiliary or counter electrodes thermometer ,
voltmeters , resistance , plotter , electric wifcs for the specimens , solders, on-off

hot plate , resin set , moulds for the resin , silver adhesive , instant ocean( mixed



chemicals used for preparing artificial seawater and its composition is shown
below) , nitrogen bubbling source , distilled water and polishing set .

wt% of salt

Nacl 78.0
Mgclp 10.5
MgS0O4 5.0
CaSO4 3.9
K2S04 2.3
KBr 0.3

3.1.2 Specimens Preparation:

Pieces from different alloys were cut down to a size of 1cm2 . Then a wire
enabling electrical connections to be made was attached to the base of the metal .
This way was done by heating the specimen over a hot plate and the back surface
cleaned chemically then the wire connected by solder. Only Titanium was
connected to the wire by adhesive containing silver to ensure good electrical
contact. This was then cast in an epoxy resin as shown in fig (2). When the resin
had hardened , the surface was ground down, exposing the metal face. All

specimens were ground down to a 600 grit finish .

3.1.3. Instrumentation:

The instrumentation of the rig is shown in fig (3) . Potentiostat gives the
potentiatial to the specimen where the scan generator increases this potential
15mv/min gradually, Y-axis of the plotter will plot this sweep in potential. The
auxiliary electrode (counter) will count the current from the specimen where it will
be plotted as X- axis on the plotter . Solariton voltmeter will show the potential as
digits. The resistence connected to the voltmeter in series will gives a current

reading on the voltmeter digitally . The scan generator is reversed manually .
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3.1.4 Environments Preparation:

The environment suggested is to be seawater and brine water. Instant Ocean and
distilled water were used in laboratory to produce artificial seawater and brine
water. The temperature of the solution was controlled through an on-off hot plate.
In case of aeration there was a small air pump with air bubbles in the solution.
Nitrogen was bubbled from a nitrogen cylinder in the case of deaeration. Oxygen
level was about .5 mg/lit and measred by color solution kitt, while pH was about

8 and measured by pH- meter.

3.2. Long Term Immersion Tests:
Time factor is the main object of this category . The idea of these tests is to
study the time effect on the specimens . And to study the behaviour of Ecor over a
long period immersion as well. Also the effect of the crevice on the corrosion
process was considered. It should be noticed that the solution preparation and
instrumentation are the same as the ordinary polarization tests. For measuring Ecor
only voltmeter and calomel electrode were required . The period for this test is 60

to 70 days.

3.2.1 Environment Preparation :

Seven tanks was prepared with differenf environment conditions( See Fig. 3.1).
At ambient temperature there were four tanks two of them were aerated with
solution salinity 35000 ppm and 55000ppm, and the other two tanks were
deaerated with again 35000ppm and 55000 ppm . At 45°C there were three tanks,
two of them aerated with solution salinity 35000ppm and 55000ppm and the other
tank was deaerated with 35000ppm . All the three tanks were immersed in a large
tank who's temperature was fixed at 45°C by using a stirrer. For the deaerated
tanks, a tanks with lids were used . Two holes made on these lids. one for the

specimen wires and the other for the 