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1. Introduction

Exhaust system of an automobile is a complex assembly and often ignored part
comprising of various components, performing important tasks in aggressive
conditions. The exhaust system can be divided into two parts, namely the hot (or
front) end and cold (or rear) end [1]. There are varieties of material properties which
are required in an exhaust system [2-5]. At the hot end, high temperature oxidation
occurs, while at the cold end, corrosion due to external salts and internal condensate
is a key factor.

Presently, a large number of high alloyed ferritic and austenitic stainless steels are
commonly used worldwide by automotive exhaust manufactures [6-8]. In past, most
commonly used materials were mild steels and aluminized steels. The reason behind
this shift is to achieve a maximum life time in such components. They offer good
corrosion prevention but it's very difficult to predict the long term behaviour of the
material when submitted to real conditions [9].

Furthermore, presently there are a lot of activities within the automotive industry to
find appropriate ferritic stainless steels in order to substitute austenitic alloys. This
trend is compelled due to the high price of nickel. Generally, material selection in the
automotive exhaust industry is done on the basis of pitting resistance equivalent
number PREN. The pitting resistance equivalent number (PREN or PRE) was
introduced as an attempt to compare the pitting resistance of corrosion resistant
stainless steels. The concept of the pitting resistance equivalent has been used
extensively over the years [10-13]. It is generally agreed that higher the PREN value
the better the pitting corrosion resistance [14-19].

The life time of a muffler is shorter as compared to any other part of an exhaust
system. Of all automotive exhaust failures, about 80% are caused by corrosion and
oxidation while the majority of the remainder is caused by fatigue [20]. In figure 1
some examples from field are given. It can be seen that the parts showed corrosion
attack even after a short period of time. This unique phenomenon of crevice
corrosion was frequently observed during field investigation. This problem is more
common in double sheet mufflers. Even after a very short mileage, lot of systems
suffered from this type of corrosion between the sheets without showing any signs of

corrosion on outside.



Muhammad Yasir Introduction

The mechanism of crevice corrosion in stainless steels is well known from the
literature. Crevice corrosion, on passive alloys, is a result of the degradation of a thin
tenacious oxide layer, the passive film or layer, which is present on the surface of the
alloy. Several interacting phenomena are involved in this process including: anodic
dissolution and one or more cathodic reactions; mass transport to and from all metal-
solution interfaces and in the electrolytic medium and chemical and electrochemical
reactions in the crevice and bull solutions. The combination of these phenomena can
produce a crevice a solution that has higher acidity and chloride ion content than the
bulk solutions. If this solution has sufficiently low pH and high chloride ion content,
the passive film may be destroyed, resulting in active corrosion. When this occurs, a
critical crevice solution has developed and the alloy corrodes rapidly. Principally, this
mechanism can also be observed in automotive exhaust systems but some
additional periodic wet - dry cycles and sensitization of the material make it different
from the classical mechanism.

Outer view after 24145 Km Inner view after 24145 Km

Figure 1.1: Field mufflers from material 1.4509 after different mileages
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When specifying materials for use in exhaust systems, it is imperative that they
exhibit sufficient corrosion resistance for the specific conditions to which exhaust
components are exposed. It is therefore necessary to establish the corrosion
behaviour of the materials in conditions and environments to which exhausts would
typically come into contact with. Most car exhaust manufacturers and material
suppliers have specific corrosion testing methods which they use to determine the
corrosion resistance of candidate materials, but unfortunately there appears to be no
standard procedure for these studies. In a summary, correct testing methods are
required for different scenarios in the exhaust system.

The effect of material sensitization on corrosion resistance of stainless steels is well
understood from the literature. Besides, sensitization, materials in exhaust systems
have to withstand different cyclic heating and cooling phases. There are no existing
test methods and information available in automotive exhaust section.

Besides the properties of the materials, the design of the muffler itself has a big
influence on its corrosion resistance. This was also observed from the results of the
field studies. To predict the life time of a complete system under real conditions is
always a difficult task and sometimes also uncertain. There is no test available in
which simulation of material and design can be performed simultaneously.

In light of the questions that still remain concerning, this thesis looks separately at the
influencing factors which accelerates the rate of corrosion and tries to assess
possible impacts to increase the life expectancy of the mufflers by selecting proper
material and design combination. Furthermore, this study seeks to contribute to the
understanding of the crevice corrosion with additional heating and cooling cycles. In
order to achieve this, the thesis addresses the following questions:

= How far the existing corrosion testing methods are relevant to the actual problem
in practice? Are they correlated to the real issue?

= What is the influence of different crevice gaps on the rate of corrosion?

= To conduct experimental investigations on how temperature and the presence of
chlorides affect crevice corrosion behaviour.

= To determine the applicable electrochemical measurement techniques to study
this phenomenon.

» How does phenomenon of sensitization in stainless steels affect the rate of

corrosion in crevices?
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= To understand the interaction of sensitization and cyclic heating impacts.

= To design and set up an experimental testing setup which could be used for life
time estimation of real parts having different material and design combinations.

* To determine the chemical composition and morphology of corrosion products

generated on the field parts and parts after artificial tests.
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2. Literature Survey

2.1 State of the Art

There is no fixed standard criterion for material selection for various components of
exhaust components. In some cases, materials are selected on the basis of PREN
value and in other some existing corrosion testing methods are used for the relative
ranking among different grades. These test procedures vary from one exhaust
manufacturer and material supplier to the other where everyone has their own
standard. Similarly, correlation of these testing methods with field often leads to a
disagreement. The reason that these methods do not accurately reproduce corrosion
performance for automotive exhaust parts because they cannot simulate the
conditions in which automotive parts must exist. As it's mentioned in section 1 that
crevice corrosion is one of the biggest problems due to which exhaust components
have a very limited lifetime despite of high grade stainless steels.

The mechanism of crevice corrosion is well known from the literature. In 1922, R.J.
McKay was the first researcher to demonstrate that crevice corrosion is a serious
corrosion hazard [21]. Later, in 1925 he defined electrolytic concentration cells, in
which the cell was powered by potential difference, a result of two electrodes of the
same material in different electrolytes [22]. In the following years, an increasing
number of researchers studied the mechanism of crevice corrosion due to its
potential serious influence on various materials. Various researchers have made
attempts to examine the problems of crevice corrosion as well as propose
mechanisms for its progression [23-28]. Majority of the literature findings also show
the results based on electrochemical tests and some other monitoring methods in
artificial crevices. The reproducibility of the results, namely, the corrosion initiation
and propagation rate, has always been a problem in crevice corrosion studies.

Single crevices have been fabricated by various researchers such as Alavi and Cottis
[29] Klassen et al. [30], Wolfe et al. [31], Young et al. [32-33] and Bocher et al. [34].
The results obtained show significant variances in the crevice solution composition
possibly arising from differences in the crevice geometry and experimental

procedures.
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2.1.1 The Artificial Crevice of Alavi and Cottis (1987)

Alavi and Cottis studied the potential, pH and chloride concentration variations in an
engineered crevice of AISI 304 stainless steel and AA 7475 aluminum alloy, in 0.6 M
bulk NaCl solutions. The crevice used in their experiment was built from a 304 SS
plate with dimensions 80 mm long and 25 mm wide and encased in epoxy resin with
a Perspex electrode holder as shown in figure 2.1.

Perspex
electrode
holder

PTFE
tape

Metal
electrode

Epoxy
resin
mount

l H, inlet

H2 outlet Salt bridge to
4._.:—3\ / reference electrode

Silver wire
Cl™ electrode

Pd wire—\

Pd foil pH electrode

(b)

Figure 2.1: Schematic of artificial crevice in Alavi and Cottis’s experiment [29]
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The crevice gap was approximately 90 um and the temperature of the electrolyte was
set at 23 + 1°C. pH values of 1-2 near the crevice mouth were measured for the 304
SS alloy and pH levels of 3-4 near the crevice mouth was measured for the AA 7475
aluminum alloy as well. Furthermore, a pH of near 8 was measured around the
crevice tip for both stainless steel and aluminum alloys. Results from the experiments
show that the external potential dropped slowly to positive (noble) values as time and
distance from the crevice mouth increased for both metals. This indicates that both
crevices were subject to anodic dissolution, due to reduction in the oxygen
concentration of the crevice electrolyte compared with the oxygen concentration in
the bulk solution. The potential drops between the external solution and the various

parts of the crevice are plotted in figure 2.2 as a function of external potential.

120 —T =T T T T T
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Figure 2.2: Potential Drop in Crevice v. External Potential [29]

2.1.2 The Artificial Crevice of Klassen et al. (2001)

Klassen et al. designed a test apparatus that allowed direct measurement of the
corrosion current between the test specimen and the counter electrode, and the
corrosion potential versus a reference electrode. The crevice design was a
modification to the gap crevice design found in the literatures [29, 35]. The gap

crevice design has the crevice width parallel to the specimen surface, whereas, the
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crevice assembly designed for their study was such that the crevice was oriented
perpendicular to the specimen surface by placing a crevice cover with a hole over the
specimen. The test specimens were made of nickel-aluminum-bronze material
embedded in a cylindrical epoxy mount as one part of the crevice, and the other part
of the crevice plate made from Perspex® material. A conducting wire was attached to
the metal epoxy block connected the potentiostat to the metal sample. The
electrolyte used for their experiment was 3.5 wt% NaCl solution. A crevice hole of
0.18 mm diameter was drilled into the crevice plates as shown in figure 2.3.

Working Reference = Counter Air
electrode electrode electrode

; LI

Luggin
capillary | O
] A Crevice plate O
]
Bl Crevice holg }
Epoxy —} ] \ O
mount . si O
- ¢
= 9;;?::5 Pas'® saturated calomel
Metal electrode
sample |

Figure 2.3: Schematic of the experimental crevice corrosion setup by Klassen et al. [30]

A positive shift in the specimen’s potential that is consistent with the increase in
equilibrium potential of the controlling anodic reaction was observed for this crevice
gap. A similar observation was reported by Alavi and Cottis. Klassen et al.’s
apparatus is relatively simple and easy to produce, and it is convenient to observe
the solution in the crevice due to the transparency of Perspex®. However, it is
doubtful that using a hole to simulate a crevice could really mimic the real crevice

corrosion processes.
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2.1.3 The Closed Crevice of Wolfe et al. (2006)

Wolfe et al. investigated the interaction of IR voltage, changes in pH, active peak
formation and corrosion product accumulation during the induction period in delayed
crevice corrosion of iron in 0.2 M NaxSO,4 + 0.025 M KxCr,O4 with a pH of 9.1. A
rectangular channel machined into a Plexiglas plate was placed against iron to form
a crevice with an opening dimension of 0.06 cm, width of 0.5 cm, and depth of 11
mm as shown in figure 2.4. A pH/electrode microprobe was positioned in the crevice
to measure in situ pH and the local electrode potential along a distance, x, on the

crevice wall.

\oltmeter \oltmeter Potentiostat
SCE? RE WE CE

o Positioner

Flexiglas

Figure 2.4: Schematic of crevice corrosion cell [31]

A platinum wire counter electrode and a standard calomel reference electrode were
used. The crevice opening faced upwards and the bottom of the crevice was closed
to prevent it from undergoing convective movement in and out of the crevice from the
bulk solution. It was observed that as the pH decreased in the crevice solution, an

active peak was observed in the polarization curve for iron.
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Figure 2.5: Profiles of pH for iron in 0.5 M Na,SQO, (a) 0.7 mm). A large decrease in pH is
observed near the active region of the crevice wall [31]

2.1.4 Crevice with Microcapillary Tubing Method of Young et al. (2006)

In this experiment the potential drop inside the crevice was measured by inserting a
microcapillary tube into it in order to examine the mechanism of crevice corrosion
related to the IR drop. The 3x16 mm artificial crevice was formed in the same
position on each sample and three different crevice widths were used, viz. 0.1, 0.2
and 0.5 mm and the crevices were formed using Plexiglas. The experimental sample
containing the artificial crevice and the microcapillary tube placed in the crevice are
shown in figure 2.6. The electrode potential on the crevice wall could be measured by
positioning the microcapillary tube at the vertical boundary on the crevice wall.

-10-
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Sample

Artificial
Crevice

Micro
Capillary Tube

Sample

Artificial
Crevice

(b)

Figure 2.6: Experimental sample used for crevice corrosion test; (a) crevice corrosion

sample, and (b) assembly of microcapillary tube & sample [32]

The crevice corrosion initiation time shortened and the current density values
increased as the width of the crevice decreased, but no crevice corrosion was
observed when the width of the crevice was 0.5 mm. The relations between the
current density and time for the crevice corrosion of various widths are shown in
figure 2.7. It was confirmed that the critical crevice size for initiating crevice corrosion
is between 0.2 and 0.5 mm.

-11-
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Figure 2.7: The relation between the current density and time for the crevice corrosion of
430 stainless steel in 1 N H,SO, + 0.1 N NaCl at 20°C with a crevice size of 3x16 mm and
various widths; (a) 0.1 mm, (b) 0.2 mm, and (c) 0.5 mm [32]

2.1.5 The Multiple Crevice Assembly of Bocher et al. (2008)

Bocher et al. monitored the anodic current evolution as a function of position during
crevice corrosion initiation and propagation of AISI 316 and Alloy 625 stainless steel
in an aerated 0.6 M NaCl solution at 50°C. The crevice assembly consisted of 100
wires of alloy 625 and 316 stainless steel respectively, each wire with diameter of
250 pym, inserted into a groove in a 2.54 cm AISI 316 stainless steel rod and
polyformaldehyde (Delrin) in the case of alloy 625. Figure 2.8 displays the array of
wires encased in an AIS| 316 stainless steel rod.

-12-
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Figure 2.8: Close packed array of one hundred 250 ym diameter wires of AlSI 316 stainless
steel mounted in a 5x20 arrangement in AISI 316 stainless steel rod [33]

The arrays of wires were coated with a poly-imide film to ensure electrical insulation.
The crevice was designed to cover 12 columns of 5 wires leaving remaining 8
columns open to bulk solution. The crevice array was immersed in the heated
solution for 2 days at the open circuit potential to allow passive film stabilization and
solution wicking into the whole crevice. Crevice corrosion was found to be readily
initiated close to crevice mouth at Xt = 0 for 316 stainless steel. Xt is the distance
from the crevice mouth to the location where the potential reaches a critical passive
potential value, Esaqe, 0N the crevice wall. Eqaqe is defined as the lowest potential in
the passive region below which marks a steep fall from the passive region to the
active region.

However, crevice corrosion was observed to initiate further inside the crevice for
Alloy 625, at the distance where the potential reached a critical passive potential
value, Eqage, ON the crevice wall. This was in agreement with the prediction that if the
flade potential, Esage, is greater than the applied potential Eapp, then crevice corrosion
occurs at the mouth, but if the Eqage is less than Eap, with a significant IR drop in the
system, then crevice corrosion will initiate at a fixed distance from the crevice mouth
[36].

In spite of various studies, there is little understanding on the process that occurs
during the onset of stainless steel crevice corrosion. All literature findings also show

13-
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the results based on electrochemical tests and some other monitoring methods in
artificial crevices. Furthermore, studies involving the electrochemical evaluation of
crevice corrosion are limited by the small size of the crevices. In addition, despite the
increasing consumption of stainless steels in exhaust components, no research has
been done on crevice corrosion. The other reason which makes the current research
problem totally unique from the others is an additional effect of sensitization and
periodic heating cycles on stainless steels.

2.2 Automobile Exhaust Systems

Exhaust system of an automobile is a complex assembly and often ignored part of
various components, performing important tasks in harsh conditions. It performs four
distinct jobs: controlling noise, directing fumes away from the people travelling in the
car, improving the performance of the car's engine, and last but not least is improving
fuel consumption. The exhaust system can be divided into two parts, namely the hot
(or front) end and cold (or rear end) [1]. The hot end includes the manifold, downpipe
and catalytic converter. The cold end includes the resonator, intermediate pipe,
muffler and tail pipe. Figure 2.1 shows this configuration and the associated

temperature scale for each component.

Hot End L Cold End

N
v

____» Manifold

Mufflers
Resonator

Decoupling Catalytic converters
Down pipes elements & DPF

Figure 2.9: Schematic of a complete exhaust system

-14-
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All major components including their functions and operating conditions are

discussed in detail:
2.2.1 Hot End Components

In the hot end near the engine, high-temperature strength, good thermal fatigue
properties, oxidation resistance, low coefficient of thermal expansion and good
impact properties in cold start conditions at high temperatures are the required

features [5, 37]. The important hot end components are:
2.2.1.1 Exhaust Manifold

In creating the power to drive most piston engine vehicles, the engine produces
extremely hot exhaust gases from each cylinder. The exhaust manifold is directly
mounted to the engine and collects the exhaust gas from each of the engine
cylinders and delivers it to the down pipes. The manifold has been traditionally made
of cast iron [5, 38]. However, due to some essential required properties (e.g. good
oxidation resistance) and vehicle requirements (e.g. light weight); presently stainless
steels are used worldwide. Some important properties required in an exhaust
manifold are oxidation resistance, thermal fatigue strength, good workability and

weldability for manufacturing [37].
2.2.1.2 Down Pipe

The down pipe is attached to the exhaust manifold for the purpose of minimizing heat
radiation and thus preventing the cooling down of exhaust gas, to ensure that the
activity of the catalytic converter does not decrease. Furthermore, the noise level
should be lowered. Due to these reasons, materials used for this part of an exhaust
system need to cope with higher exhaust gas temperatures and hence should have

good high temperature resistance.
2.2.1.3 Decoupling Element

The decoupling element, which is also known as flexible pipe, is the continuation of
the down pipe. Its function is to control the vibration from the engine to the following
parts of the exhaust system. It consists of a bellow-shaped double pipe and is
cladded with a stainless steel wire mesh. The decoupling element may also be

subject to a severe external environment especially in areas where de-icing salts are

-15-
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used on roads to prevent freezing in winter times. This high temperature salt

corrosion with high temperature fatigue could deteriorate this part.
2.2.1.4 Catalytic converter

The presence of catalytic converter is mandatory because of global emission
regulations. It is located below the exhaust manifold and its function is to diminish the
air pollution induced by automobile exhaust gas. The effect of the catalytic converter
is based on the conversion of hydrocarbons and carbon monoxide into carbon
dioxide and water, and nitrogen oxides (NOy) into nitrogen and oxygen. Due to its
position in the exhaust system, the employed stainless steel has to resist severe

service conditions of high temperature, salt damages and vibrations.
2.2.2 Cold End Components

The required properties for cold end materials are good weldability, corrosion
resistance to external salt solution and internal condensate, good formability,
attractive cosmetic appearance, fatigue strength and noise reduction. The primary

cold end components are:
2.2.2.1 Muffler/Silencer

The muffler or silencer is the main source in an exhaust system whose function is
silencing the exhaust gas noises, by absorbing and dissipating noise pulses while
moving the exhaust gases and vapour smoothly through and ultimately out of the tail
pipe. It consists of tuning chambers, formed by partitions and ventilated or solid
tubes. Rock (mineral), wool, fiber-mat, or fiber glass roving placed in the muffler
cavities serves to further absorb and eliminate unwanted exhaust sounds. Most
mufflers are located towards the rear of the vehicle, but the location of a muffler
inside an exhaust system varies considerably depending on the vehicle models.
Mufflers can be of many shapes from round to oval, to custom stamped, but internal
muffler design is determined by frequency of the noises that needs to be controlled.

2.2.2.2 Tail end pipe

The tail pipe is located behind the rear muffler and it’s the final outlet of an exhaust
gas. It ensures that exhaust gas is emitted past the end of the body of a vehicle. The
materials used in manufacturing the tail pipe and the corrosion suffered by the tail

pipe are similar to that of the muffler, since they are both subjected to similar
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conditions. The cosmetic appearance of stainless steel especially in the tail pipe is
vital since most of the time it's the only visible part of the exhaust system. Therefore,
besides the requirement for a good resistance against wet corrosion, a good optical

appearance is also required.
2.3 Stainless Steels in Exhaust Systems

There are varieties of material properties which are required in an exhaust system [2-
4]. At the hot end components high temperature oxidation occurs, while at the cold
end corrosion due to external salts and internal condensate is of prime importance.
Table 2.1 gives an example for a typical material selection with regard to the different

components and temperature ranges.

Table 2.1: Overview of components and materials

Exhaust Manifold Catalytic Intermediate Front Rear o
Components ) ) ) Tail Pipe
Manifold Pipe Converter Pipe Muffler Muffler
Hot End Cold End
Gas-Temp.
1050-800 800-600 600-500 500-200
[*C]
Eerriti 1.4509 1.4509 1.4509 1.4512 1.4113 1.4512 1.4509
erritic
1.4513 1.4513 1.4513 1.4509 1.4509 1.4509 1.4513
1.4301 1.4301 1.4301 1.4301 1.4301 1.4301
Austenitic 1.4301
1.4828 1.4828 1.4541 1.4541 1.4541 1.4541

Stainless steels were invented almost a century ago by Monnartz [39]. Today, their
use is increasing at an average rate of about 5% per annum. The ASM handbook
[40], the Steel handbook [41] and the books by Peckner and Bernstein [42], Marshall
[43] and by Lula [44] cover different types of stainless steels. Stainless steels are
iron-based alloys with a minimum chromium content of approximately 11%, to
prevent the formation of rust in the atmosphere. Chromium plays an essential role in
the passive layer stabilization. It is more oxidable than iron and forms together with
oxygen an invisible and adherent chromium rich oxide surface film. This layer has a
low ionic permeability, decreases the metal dissolution to a very negligible value and
heals itself in the presence of oxygen or other oxidizing species in certain media.
Stainless steels also have additional elements including nickel, molybdenum,
nitrogen and others to improve particular characteristics. Stainless steels are
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primarily classified in five main categories according to their crystal structure and
strengthening precipitates: Austenitic, Ferritic, Martensitic, Precipitation hardened
and Duplex stainless steels. Each family exhibits its own general characteristics in
terms of mechanical properties and corrosion resistance. Within each family, there is
a range of grades that vary in composition, corrosion resistance, properties and costs
[45]. Exhaust systems today are manufactured from both ferritic and austenitic steels.
In following sections, differences between these two types of stainless steels and the

influence of different alloying elements on their different properties are discussed.
2.3.1 Ferritic Stainless Steels

Ferritc stainless steels are the simplest type of stainless steels. Due to their adequate
corrosion resistance and lower cost, sometimes ferritic stainless steels are preferred
over high cost austenitic stainless steels. Ferritic stainless steels have a body-
centred cubic (bcc) crystal structure and contain between 11 to 30% Cr, with few
amounts of austenite forming elements, like carbon, nitrogen and nickel. They are
magnetic and cannot be hardened by heat treatment [46]. In general, ferritic stainless
steels do not have particularly high strength. Their poor toughness and susceptibility
to sensitization limit their ability for fabrication, but they have a good resistance
against chloride stress-corrosion cracking, atmospheric corrosion and oxidation and

are available at relatively low cost.
2.3.2 Austenitic Stainless Steels

Austenitic stainless steels are famous for their high corrosion resistance, ability to
strain and account for 60% of stainless steel usage all over the world. They are non-
magnetic and like the ferritic alloys, cannot be hardened by heat treatments, but by
cold working and have a face-centred cubic (fcc) crystal structure. They possess
excellent ductility, formability and toughness, even at cryogenic temperatures [47].
Austenitic stainless steels have high nickel contents to stabilize the austenite at room
temperature. To stabilize the austenite, nickel is the main element, but also carbon
and nitrogen are used for this purpose, because of their solubility in the fcc structure.
Austenitic stainless steels contain 17-18% Cr, 8-15% nickel and may contain
additional Mo to increase their corrosion resistance. These steels provide a good
stability against low and high temperatures but their major drawbacks are their low

mechanical strength and their high susceptibility to cost variations.
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2.4 Influence of Alloying Elements

Different stainless steel grades exhibit different mechanical properties and corrosion
resistances. Both of these properties are partially influenced by the chemical
composition of the different grades, due to the differences in the contents of alloying
elements. The effect of the most important elements is described in this section.

Chromium (Cr) is a ferrite former, meaning that the addition of chromium stabilizes

the body-centred cubic structure of iron. To form an austenitic structure at higher
chromium contents, more nickel is necessary. Austenitic stainless steels usually
contain chromium content of 17% or higher to maintain good corrosion resistance
properties. The chromium reacts with the oxygen, forming a 1-10 nm thick protective
passive film of chromium oxide. Chromium increases oxidation resistance at elevated

temperatures [48-49].

Nickel (Ni) is an austenite stabilizer, its addition to iron-based alloys leads to a
change of the crystal structure of stainless steels from body-centred cubic (ferritic) to
face-centred cubic (austenitic). Their face-centred cubic structure is the reason for
the excellent toughness. Nickel increases yield strength, toughness and the
resistance in reducing environments by promoting repassivation. The 300-series
austenitic stainless steels contain at least 8% nickel. Increasing nickel content
beyond 8-9% further improves both corrosion resistance and workability.

Molybdenum (Mo) stabilizes ferrite and when added to improve corrosion resistance

to steel formulated to be fully austenitic, its effect must be compensated by reducing
the chromium content and increasing the nickel content. Molybdenum also replaces
some of the chromium in the complex carbides, Cr3Cs and Cr;Cs. Unfortunately,
high molybdenum contents promotes sigma-phase formation in austenitic as well as
in ferritic steels and therefore molybdenum contents in stainless steels are normally
restricted to <3.5% [47].

Nitrogen (N) enhances austenite stability and is the most effective solid solution
strengthening element. It increases the resistance to localized corrosion like pitting or

intergranular corrosion. The latter is due to the formation of CroN instead of Crp3Ce. It
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can be used to replace the expensive nickel in the austenitic stainless steels. The
nitrogen enhanced austenitic stainless steels also have increased toughness,
because of their higher strength.

Manganese (Mn) is an austenite former and it's a strong oxide and sulphide former

(MnO and MnS). It is usually added to improve deoxidation and to prevent formation

of sulphide inclusions, which might cause hot cracking.

Silicon (Si) improves the corrosion resistance and prevents carburizing at high

temperatures. It is a ferrite stabilizer.

Carbon (C) is a strong austenitizer and increases the strength by solid solution
strengthening. It is kept at low levels in austenitic steels to retain desired properties,
as it might form chromium carbides depleting the material from chromium and thus

reduce the corrosion resistance.

Titanium (Ti) and other strong carbide formers (Nb, V) are used to stabilize the steel
and to avoid Cr,3Ce precipitation [50]. It's a ferrite stabilizer.

Niobium (Ni) increases strength [51-53], develops good textures [54], improves
surface quality [55] and increases formability [56]. The main benefit of the niobium is
its ability to suppress recovery, recrystallization and grain growth in steels. This
occurs from both niobium in solid solutions and niobium in precipitates [57, 58]. It's a

ferrite stabilizer.

2.5 Passivation

All metals and alloys (it is commonly held that gold is an exception), have a thin
protective corrosion product film present on their surface resulting from reaction with
the environment. If such a film did not exist on metallic materials exposed to the
environment, they would revert back to the thermodynamically stable condition of
their origin, the ores used to produce them. These protective "passive" films are
responsible for the phenomenon of passivity [59, 60].
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The reason for a good corrosion resistance of stainless steels is that they form a very
thin, invisible surface film in oxidizing environments. This film is an oxide that protects
the steel from attack in an aggressive environment. All stainless steels have a thin (1-
10nm) protective film present on their surface resulting from reactions with the
environment [61-63]. As chromium is added to steel, a rapid reduction in corrosion
rate is observed because of the formation of this protective layer or passive film. An
example is shown in figure 2.10. In order to obtain a compact and continuous passive
film, a chromium content of at least 11% is required. Passivity increases fairly rapidly
with increasing chromium content up to about 17% chromium. This is the reason why
many stainless steels contain 17-18% chromium. Some schematic passive oxide

films are shown in figure 2.11 for some metals and alloys.

0.25

e P
\

0.1 \'

0.05  —

Corrosion rate, mm/year

0 2 4 6 8 10 12 14

29 Chromium

Figure 2.10: The Effect of Chromium Content on Passivity [64]
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Figure 2.11: Schematic Oxide Passive Films [65]
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During passive film formation, an oxide, oxyhydroxide or hydroxide film is produced
by the precipitation of dissolved metal ions. Cr is enriched at the outer surface of the
steel and OH" anions of the medium absorb onto the surface, what results in a
formation of chromium hydroxide:

Cr— Cr** + 3¢’ (Equation 2.1)
Cr¥ + 3H,0 — Cr(OH)3 + 3H* (Equation 2.2)
Then the Cr(OH); dehydrates at the inner part and forms chromium oxide, which is
more protective. For a given aggressive media, oxidation kinetics of steel compounds
is different. In particular, oxidation kinetics of iron is higher than of chromium so that
chromium enrichment happens at the material surface after preferential dissolution of
iron. The passive layer should be continuous, non-porous, insoluble and self-healing
if it's damaged. If passivity is destroyed under conditions that do not permit the
restoration of the passive film, then stainless steels will corrode more like a carbon or
low-alloy steel [66].

Passivity of iron has been long recognised [67-68]; the modern theories concerning
the passivating oxide film are primarily due to Evans [69]. Passivity of a metal lies in
contrast to its activity, in which the metal corrodes freely under an anodic driving
force. The passive state is well illustrated by reference to a classical polarisation
curve prepared potentiostatically or potentiodynamically as shown in figure 2.12.

i
i

log i

N (___‘_‘_ _—

A D

potential

Figure 2.12: Schematic anodic polarisation curve for a metal. Region AB describes active
dissolution of the metal. BC is the active/passive transition, with passivation commencing at
B. Passivation is complete only at potentials higher than C. The metal is passive over the
range CD [70]
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As the potential is raised (in the anodic or positive sense) above the equilibrium
potential between the metal and its dissolved ions, so the driving force towards
oxidation increases and the rate of dissolution increases, in the classical case
representing an exponential rise of current with potential [70]. When the potential is
high enough, a dramatic reduction in the dissolution rate occurs, and the rate of
dissolution remains low with further increase in potential. This latter state is the state
of passivity, and the minimum potential at which the low oxidation rate exists is the
passivation potential. The state of passivity is never perfect, and a passive metal
always corrodes at a finite rate, albeit that this rate may be very low. The surface film
forms a barrier between the metal and its environment, which retards further
oxidation. Raising the potential in the passive state, while increasing the driving force
towards oxidation, serves to thicken the surface oxide film, thereby increasing the
barrier towards further oxidation. It is this increase in the barrier film thickness with
increase in potential which generates the potential-independence of the oxidation

rate as long as the metal remains passive.
2.6 Corrosion of Exhaust Systems

The corrosion protection of automotive exhaust systems is a problem of great
economic importance. Costs due to the corrosion of different components are very
high. Exhaust systems degrade both by structural and cosmetic corrosion. Structural
corrosion involves deterioration of exhaust components, while cosmetic corrosion
involves rust staining and minor corrosion of the exhaust components [71]. The
exhaust systems of vehicles are exposed to two different environments: externally to
the atmosphere and internally to exhaust gases with their products of combustion
[72]. It has also been found that in exhaust systems corrosion occurs in four out of
five cases of failures while fatigue accounts for the remainder [73]. All the major
degradation problems like high temperature oxidation, internal corrosion, external
corrosion, material sensitization and oxidation are discussed in the following

sections:
2.6.1 High Temperature Oxidation

Stainless steels can react at elevated temperatures with hot gases, like exhaust gas,
without presence of aqueous electrolytes. This form of corrosion is called high
temperature oxidation or scaling and generally occurs in hot end components. The
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materials with oxygen form a chromium oxide (Cr2Os, chromia) film. This oxide film
may be protective and persist for a finite time after which scale breakaway occurs
and thereafter a scaling rate develops. Consequently, oxides formed at higher
temperatures loose their adherence to the substrate alloy when cooled to lower
temperatures and become non-protective when reheated [74-76]. Oxides have
coefficients of thermal expansion that differ from those of the metals from which they
have formed. Therefore, stresses develop when the temperature changes,
particularly during running and stopping of the vehicle [77-79]. The oxide film
converts into a nonprotective scale with various defects including cavities,

microcracks and porosity as shown in figure 2.13.
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Figure 2.13: Film and scale formation during high-temperature metal oxidation [75]

Hence, the resistance to high temperature corrosion of materials depends on the
development of a protective layer and its chemical, thermal and mechanical

-24-



Muhammad Yasir Literature Survey

properties. In general, damages caused by high temperature corrosion have less
relevance compared to damages caused by wet corrosion. The reason for this is that
deep knowledge about stability limits of materials at high temperature is available. A
stainless steel grade is resistant to high temperature corrosion if it has an adequate
oxidation resistance, appropriate mechanical properties, like high temperature
strength, creep strength, ductility and formability. The established layers should not

crack or lift off under cycling temperatures.

2.6.2 Internal Corrosion

Inside the cold end components, a relatively low exhaust gas temperatures lead to
aggressive condensate formation. Condensate corrosion is the major cause for
degradation of stainless steels particularly on the internal surfaces of the cold end
components. The condensate usually consists of NH4*, COs%, S0O,%, CI, organic
acids and many other substances originating in components of the exhaust gas [80,
81]. Condensate may also contain salts like NaCl, coming as fine dust from the road
through the combustion chamber. Investigations have shown that the variation of the
pH value is extraordinary high, ranging from mildly alkaline to appreciably acidic. The
concentration of these ions is less in the beginning of condensation and increase with
the time [82]. This is because the condensate volume changes as water evaporates
during the stoppage or the combustion during running of the engine [83-86].

Table 2.2 shows that composition of the condensate in the diesel and petrol engine
differs. These compositions were obtained by analysing condensates from the
silencer. It can be also seen in table 2.2 that the exhaust gas condensate of petrol
engines with a catalytic converter is neutral, while those in petrol engines without a
catalytic converter and in diesel engines are highly acidic. If the vehicle is continually
driven over short distances or in ‘stop and go’ conditions, the rate of corrosion will
accelerate, as the exhaust system is unable to reach condensation evaporation
temperature. This is a key factor in premature corrosion-induced failure of exhaust

systems.
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Table 2.2: Physical characteristics and chemical composition of representative exhaust gas

condensates [87]

PH SO.* cr NH,” | NOs | NO; | PO/
Type of Engine |
value (ppm)
Petrol Engine with
catalytic converter 6.5 15 2.2 60 10 110 <0.1
(unleaded)
Petrol Engine without
catalytic converter 3.2 320 4.2 1.1 <2 0.16 <0.5
(unleaded)
Petrol Engine with
catalytic converter 3.6 - 23.5 - - - -
(leaded)
Diesel Engine with
) 2.9 41 29 <0.1 18 <0.01 0.19
catalytic converter
Diesel Engine without
) 2.4 175 52 <0.1 35 <0.01 1.3
catalytic converter

Internal corrosion is a major problem in cold end components because their
temperature is much lower than the hot end, which leads to exhaust gas
condensation in the cold end creating aggressive conditions. Internal corrosion is
evaluated by performing tests like condensate tests often called dip and dry tests.
During vehicle operation, as condensate forms in the cold end, one of three
scenarios can occur: 1) once the condensate comes in contact with the surface of the
components, it evaporates immediately without reducing the temperature of the
components; 2) the condensate evaporates but reduces the temperature of the
components: 3) when the condensate forms, it does not evaporate [37]. The dip and
dry test is widely used in the automotive industry for accelerated cyclic corrosion

tests in changing wet, humid and dry environment [1, 88, 89].
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2.6.3 External Corrosion

In colder countries, during severe winter conditions, de-icing reagents are used to
maintain efficient road usage. These de-icers have been found to be a major
contributor in corrosion of exhaust systems [90, 91].This type of corrosion is
experienced by both the hot and cold end components. Road de-icing salts locally
destroy the protective chromium oxide layer and result in localized attack if kept in
contact with the components for a longer period of time.

De-icing is a process by which a de-icer (like rock salt) is used to penetrate through

the accumulation of snow and ice to break its bond with the pavement. Once this

bond is broken, the road can be plowed [92]. If ice bonds with pavement, it cannot be
removed by plowing without damaging the road surface or plowing equipment. The

Salt Institute provides a simple description of how salt works [93]: The whole

mechanism is also explained in figure 2.14.

1. Salt is applied to roads, which lowers the freezing point of water.

2. Salt melts through snow and ice, and forms liquid brine below the surface of
snow/ice which prevents bonding with pavement.

3. Due to the action of the brine, the bond between the ice/snow and the road
surface begins to weaken as the ice melts. Eventually the bond is broken and the
remaining ice/snow floats on the brine layer rather than on the road surface

4. Traffic breaks through surface of snow/ice, reducing it to a plowable slush which
is gradually moved to the roadsides.

1 Saltis spread 2 Salt melts 3 Remaining 4 Wehicle traffic breaks through
on surface through snowice, snow/ice floats the: surface, reducing snowice
forming brine an brine, breaking to plowable slush and moving it
bond with road to sides of road

suface

Figure 2.14: The Role of Salt in Ice Removal [93]
Sodium chloride is not the only salt used for de-icing. Sodium chloride dissolves into
two types of particles: one sodium ion and one chloride ion per sodium chloride

‘molecule’. A compound that yields more ions into water would lower the freezing
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point of water more than rock salt. For example, calcium chloride (CaCl,) dissolves
into three ions (one of calcium and two of chloride) and lowers the freezing point of
water more than sodium chloride. Table 2.3 shows an example of some de-icing
alternatives which are used in various combinations and concentrations in common
practice. Combinations of those salts are more aggressive than pure NaCl due to the
acidic character of MgCl, and CaCl,. In Germany, 5 weight% of a 12:1 mixture of

NaCl and CaCl, is commonly used [89].

Table 2.3: List of some de-icing reagents [94]

Substance Formula
Sodium Chloride (rock salt) NaCl
Magnesium Chloride MgCl,
Calcium Chloride CaCl,
Potassium Chloride KCl
Urea NH.CONH,
Calcium Magnesium Acetate CaCOg3, MgCO; and
(CMA) CH;COOH
Ammonium Sulfate (NH4)>SO,
Potassium Acetate CH;COOK

2.6.4 Types of Localized Corrosion

Stainless steel and its alloys are widely used in industrial systems due to their
excellent corrosion resistance properties. However, they are more susceptible to
localized corrosion than uniform corrosion in aggressive environments [95]. The
corrosion of stainless steels in automotive exhaust components is also mainly in the
form of localized attack like pitting, crevice and intergranular corrosion. Stainless
steels are generally protected by their passive films, but under certain conditions, the
passive layer is susceptible to localized breakdown, resulting in accelerated
dissolution of the underlying metal. Localized corrosion has a higher perforation rate
than that in uniform corrosion. Each of the above mentioned types is discussed in

detail in following sections.
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2.6.4.1 Pitting Corrosion

Pitting corrosion is one of the most prevalent forms of localised corrosion which is
quantitatively difficult to predict. The attack is highly localised and pits can penetrate
inward extremely rapidly and the deepest of them can damage the structure by
perforating the material [96, 97]. Stainless steels are the most prominent examples of
this type of corrosion [98].

Pitting corrosion is caused by halides and especially CI ions, which are relatively
small anions with a high diffusivity, tending to form deep pits on stainless steels.
Inside the cold end of an exhaust system the condensation of combustion gases
generates a very corrosive environment, containing sulphurous and sulphuric acid,
low levels of hydrochloric acid and chloride ions [99]. Pits almost always initiate at
some chemical or physical heterogeneity at the surface, such as inclusions, second-
phase particles, solute-segregated grain boundaries, flaws, mechanical damages or
dislocations. Pits in stainless steels are often associated with manganese sulphide
inclusions, which can be found in many commercial steels [48]. When localized areas
of the surface passive layer are damaged, they are no longer able to protect the
underlying metal against corrosion attack [100, 101].

It is stated that pits begin by the breakdown of passivity at favoured nuclei on the
metal surface [102]. The breakdown is followed by the formation of an electrolytic
cell. The anode of this cell is a minute area of active metal, and the cathode is a
considerable area of passive metal. The large potential difference characteristic of
this passive-active cell accounts for considerable flow of current with rapid corrosion
at the small anode. The corrosion-resistant passive metal surrounding the anode and
the activating property of the corrosion products within the pit account for the
tendency of corrosion to penetrate the metal rather than spread along the surface.
Once pits are initiated, they may continue to grow by a self-sustaining, or
autocatalytic, process; that is, the corrosion processes within a pit produce conditions
that are both stimulating and necessary for the continuing activity of the pit. This

process is illustrated schematically in figure 2.15.

-29-



Muhammad Yasir Literature Survey

Figure 2.15: Autocatalytic processes occurring in corrosion pit. The metal, M, is being pitted
by an aerated NaCl solution. Rapid dissolution occurs within the pit, while oxygen reduction

takes place on the adjacent surfaces [102]

The propagation of pits is thought to involve the dissolution of metal and the
maintenance of a high degree of acidity at the bottom of the pit by the hydrolysis of
the dissolved metal ions. The anodic metal dissolution reaction at the bottom of the
pit (M — M™ + ne) is balanced by the cathodic reaction on the adjacent surface (O +
2H,0 + 4e — 40H). The increased concentration of M™ within the pit results in the
migration of chloride ions (CI) to maintain neutrality. The metal chloride formed,
M*CI, is hydrolyzed by water to the hydroxide and free acid (M*CI" + H.O — MOH +
H*CI'). The generation of this acid lowers the pH values at the bottom of the pit (pH
approximately 1.5 to 1.0), while the pH of the bulk solution remains neutral [102].
Theoretical models that describe the initiation process leading to passive film
breakdown may be grouped into three classes: (1) adsorption and adsorption-
induced mechanisms, where the adsorption of aggressive ions like CI" is of major
importance, (2) ion migration and penetration models, and (3) mechanical film
breakdown theories, as shown in figure 2.16 [103,104].

In the case of the cluster adsorption model, originally proposed by Heusler and
Fischer [105], localized adsorption of chlorides leads to enhanced oxide dissolution
at these sites with subsequent thinning of the oxide film until finally a complete
removal is achieved and active dissolution starts [103, 104, 105].
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Figure 2.16: Three types of pit initiation processes: (a) Penetration of CI" through the film, (b)
Island adsorption of chloride ions on the film, (¢) Mechanical failure due to internal stresses
in the film. Models for pit initiation leading to passive film breakdown [103, 104]

Pitting corrosion, may assume different shapes, as illustrated in figure 2.17. Pitting
corrosion can produce pits with their mouth open (uncovered) or covered with a
semi-permeable membrane of corrosion products. Pits can be either hemispherical or
cup-shaped. In some cases they are flat-walled, revealing the crystal structure of the
metal, or they may have a completely irregular shape [103, 106,107].
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Figure 2.17: Typical variations in the cross-sectional shape of pits [106, 107]

Stainless steels have a pitting resistance equivalent number (PREN) which is used to
measure the relative susceptibility of a stainless steel to pitting corrosion. It was
introduced as an attempt to compare the pitting resistance of corrosion resistant
stainless steels. This idea of relating corrosion resistance to composition was first
introduced by Lorenz and Medawar in 1969 [108]. They found that both pitting
potentials and the extent of crevice corrosion in artificial seawater correlated well to a
“Wirksumme” given by %Cr + 3.3%Mo. A number of subsequent works have
elaborated upon this approach and extended the analysis to other alloying elements,
most notably nitrogen. The most generally accepted correlation is of the form
[109,110]:

PREN = %Cr + 3.3 (%Mo) + 16 (%N) (Equation 2.3)
However, some controversy has developed about the exact equivalence factor for
nitrogen. Some have proposed higher multipliers like:

PREN = %Cr + 3.3 (%Mo) + 30 (%N) (Equation 2.4)

In either case, it is generally agreed that, all else being equal, alloys with higher
PREN should exhibit greater resistance to pitting corrosion [14-19]. The studies have
revealed the often ignored fact that the PREN concept is only a rough estimator and
should not be used uncritically [111, 112].
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2.6.4.2 Crevice Corrosion

Crevice Corrosion is a form of localized attack that occurs frequently on metals
exposed to stagnant solutions within shielded areas such as holes, gaskets, lap joints
and crevice under bolts. Well known examples of susceptible metals are stainless
steels, nickel, titanium and aluminium [113]. Crevice corrosion is a complex
phenomenon in which several simultaneous and interacting processes occur. Based
on the work of different scientists, a unified crevice corrosion mechanism is employed
for this purpose [45, 49-51, 114,115]. The mechanism is composed of four steps and
starts with the alloy are initially passive and the crevice and bulk solutions
oxygenated. When the alloy first comes into contact with the solution, the anodic
dissolution in the crevice, due to the passive current, is balanced by the reduction of
oxygen. The pH of the solution remains at or close to the bulk value. For crevices
with severely restricted geometry, an oxygen deficit may occur in the crevice due to
the fact that the rate of supply, from the bulk solution, is outpaced by the cathodic
reaction rate. The site at which crevice is formed becomes the anode and the side
outside the crevice becomes the cathode. The following reactions take place:

Anode (in the crevice): M — M +¢’ (Equation 2.5)
Cathode (outside the crevice): O, +2 H,O+4e — 4 OH (Equation 2.6)

Figure 2.18: Crevice corrosion-initial stage [24, 114]

At this point, those areas of the crevice that have depleted levels of oxygen, an
imbalance occurs and hydrolysis of the cations, which are produced by the
dissolution process, causes acidification of the solution. In effect, the deoxygenated
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areas of the crevice attain anodic potentials with respect to the oxygenated areas,
and a differential aeration cell is produced. Once deoxygenation has occurred, a
significant amount of chloride ions migrate into the crevice from the bulk solution as
shown in figure 2.19. The following reaction takes place:

M*+ Cl'+ HOH — MOH { + HCI (Equation 2.7)

Figure 2.19: Crevice corrosion-later stage [24, 114]

If the pH and chloride ion concentration reach critical levels (often denoted as critical
crevice solution), the passive film of the alloy is destroyed and the crevice corrodes
actively. However, the external area of the alloy, where cathodic reactions occur, still

remains passive during this process [116,117]. Table 2.4 illustrates the process.

Table 2.4: Crevice Corrosion Mechanistic Model [24]

Stage Process

Deoxygenation of the crevice. The cathodic reduction rate of oxygen is faster the rate

of diffusion of oxygen into the crevice.

Acidification of the crevice. Once depleted of oxygen, the crevice becomes anodic and

2
the corresponding hydrolysis of the dissolution products produces a reduction in pH.
3 Development of critical crevice solution (low pH, high CI')
4 Active corrosion. If a critical crevice solution is developed the passive film is destroyed

and rapid corrosion ensues. A passive steady-state situation may also be attained.
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2.6.4.3 Intergranular Corrosion

When stainless steels are heated to approximately the temperature range 450 to
850°C, they become sensitized or susceptible to 1G corrosion [114, 115].
Sensitization is associated with the precipitation of chromium rich carbides such as
M23Ce or M;C3 along grain boundaries during the detrimental heat treatments [118,
119]. The M represents metal atoms, mainly chromium. During carbide precipitation,
interstitial carbon can diffuse rapidly to the grain boundaries. Unlike carbon,
chromium diffuses much more slowly, resulting in the chromium- depleted zone near
the grain boundaries. A schematic diagram showing the chromium carbides and the
resulting chromium depleted zone is shown in figure 2.20. Corrosion then proceeds

along the grain boundary network at a much higher rate than in the matrix.

Chromium
depleted zone

location of
grain boundary

18 wt%

chromium concentration

12 wt%

+ Ir
M23CG

Chromium-depleted zone

b
Figure 2.20: Schematic diagrams (a, b) showing chromium depleted zone at a grain
boundary [126]
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When the intergranular corrosion propagates along grain boundaries from the
surface into the material, grain dropping may occur, leading to material loss [120-
125]. Typical weight losses versus time curves for an alloy undergoing intergranular
corrosion are shown in figure 2.21. The simplified mechanism of intergranular

corrosion is also summarized in table 2.10.
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Figure 2.21: Corrosion of type 304 steel in inhibited boiling 10% H.SO,[127]

Table 2.5: Intergranular Corrosion Mechanistic Model

Step Process

1 Sensitization of stainless steel in the temperature range 450-850°C.

Diffusion of carbon to a grain boundary and formation of chromium-carbide. This

leads to depletion of chromium content along the grain boundary.

3 Weakening of the grain boundary and disintegration of the grains.

This phenomenon usually occurs in some sections of the system, where the
temperature is quiet high, like manifold, down pipes and catalytic converters.
However, sometimes it can also be observed in mufflers especially in hot spot zones
where the hot exhaust gases directly strike the metal surface. To describe the effects
of varying elevated temperatures and holding times on subsequent intergranular
corrosion behaviour, some data for different stainless steel grades are available in
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terms of Time-Temperature-Sensitization (TTS) diagram. These types of diagrams
are established by determining the attack after heating a given material with different
carbon content to various temperatures and holding them at those temperatures for
various times. Example of a TTS diagram of 1.4301 steel is shown in figure 2.22.
This diagram shows curves which separate the area to the left, where sensitization is
negligible, from that to the right of the curve, where sensitization is present. It can be
seen that the critical cooling to avoid sensitization depends strongly on the carbon

content.

U("
200 - 0062
0,080 5 Pl \ 0.056
\ ’
1
800 []
[
A
LY
T .
600 0.019%
carbon~a
500
| 1 | 1 | |
10 sec. 1 min, 10 min. 1 hr. 10 hr. 100 hr. 1,000 hr. 10,000 hr.

Time-Temperature-Sensitisation curves

Figure 2.22: Time-Temperature-Sensitization curves for type 1.4301 stainless steel [128]
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3. Experimental

3.1 Studied Materials

Two grades which are frequently used in automotive exhaust applications were
selected for this study. The grade 1.4509 is a ferritic stainless steel while 1.4301 is
an austenitic stainless steel. Type 1.4509 is a stabilized grade with the addition of
niobium and titanium for improved weldability, high temperature strength and
oxidation resistance [129]. Titanium and niobium have low free energies of formation
when reacting with carbon and prevent the formation of chromium carbides [75]. The
addition of titanium plus niobium has also been found to increase the corrosion
resistance [130] and increase the formability [131, 132]. Furthermore, the type
1.4509 is a cost reducing alternative to the austenitic grade 1.4301. The surface
finish and sheet thickness of investigated materials are given in table 3.1. These
materials were supplied in a form of sheets and the chemical composition is given in
table 3.2.

Table 3.1: As-received surface finishes of the investigated materials

Stainless steel type AlSI o Thickness
) DIN 17006 Standard finish
Material No. Type (mm)
1.4509 441 X2CrTiNb18 Standard cold rolled 1.0&15
1.4301 304 X5CrNi18-10 Standard cold rolled 1.0&15

Table 3.2: Chemical composition of investigated stainless steels (weight %)

Material C Si  Mn P S Cr Mo Ni Nb Ti PREN

1.4509 0.02 0.70 0.38 0.01 <0.005 17.8 0.05 0.21 0.364 0.148 17,9

1.4301 0.07 046 1.14 0.01 <0.005 17.5 0.02 9.11 0.0052 <0.0020 17.6

PREN=%Cr+3.3* %Mo+ 16 * %N
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The results of the light microscopy examination are summarized in figure 3.1. The
microstructure of both grades has been showed in two different magnifications. The
microstructure of 1.4509 has an average grain size of about 45 pm. The
microstructure of 1.4301 consists of polyhedral austenitic grains with twinning typical
of an fcc microstructure. The average austenitic grain size in this state is about 40
pum. Metallographic observation did not show any forms of precipitation and only
homogeneous microstructure with fine grains was observed, as shown in figure 3.1.

Mechanical properties of these grades are shown in table 3.3.

1000

1.4509

1.4301

Figure 3.1: Microstructure as received condition 1.4509 and 1.4301
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Table 3.3: Mechanical properties of investigated materials at room temperature

Stainless steel  0.2% Proof strength  Tensile strength  Elongation at fracture

type Roo.2 [N/mm?] Rm A80%
min. [N/mm?] min.
1.4509 250 430-630 18
1.4301 230 540-750 45

3.2 Sensitization of Materials

This part of work consists of cyclic oxidation test and micro-structural examination
after holding the materials at different temperature and time. The test coupons were
1.0 mm thick, 100 mm wide and also 100 mm long. The samples were placed in a
furnace at different temperatures after being degreased ultrasonically in acetone for
10 minutes and rinsed with distilled water. The difference in weight was reported to
make a comparison between two grades. The weight gain due to oxidation after the
heat treatment for 10 and 100 hours at temperatures of 500°C, 600°C, 700°C, 750°C
and 800°C was measured. A complete testing procedure is given in table 3.4. To
study the sensitization behaviour, metallographic sections were prepared and the
change in the microstructure was examined with the help of optical, scanning and
transmission electron microscopy. Some previous studies have shown that the
combination of different types of microscope help to locate, identify and quantify the
precipitates [133].

Table 3.4: Overview of a scheme of oxidation test

Al Temperature Sample size | Thickness Oxidation time
oy

[*C] [mm]? [mm] [h]
1.4509 | 500 | 600 | 700 | 750 | 800 | 100X100 1.0 10 100
1.4301 | 500 | 600 | 700 | 750 | 800 | 100X100 1.0 10 100
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3.3 Cyclic Oxidation Test

These types of aging heat treatments were performed in order to study the role of
different heating cycles on degradation rate. Samples were heated for 10 hours in
two different ways to simulate long and short driving cycles without any corrosive
medium. In 1% approach, heating was done in a furnace at a temperature of 500°C
for 10 hours. In 2" approach, heating was also done for 10 hours but with additional
cooling cycles. After every 1 hour, samples were taken out from the furnace for
cooling i.e. holding the material for 30 minutes at the room temperature. A complete
test procedure is given in table 3.5. Figure 3.2 explains the difference between two
heating treatments. Surface characterization was done with the help of scanning

electron microscope.

Table 3.5: Aging heat treatments under different conditions

) Heating One step Heating with additional
Stainless steel type ) o
temp. [°C] heating [h] cooling intervals [h]
1.4509 500 10 10
1.4301 500 10 10
10 hours ; ! 1 hour + 1/2 hour L
500°C 500°C

Coolingi

Heating Heating

(@) (b)
Figure 3.2: Graphical representation of two different heat treatments (a) Continuous heating,
(b) Heating with additional cooling intervals
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3.4 Corrosion Testing Methods

The following corrosion tests were carried out to study the onset of crevice corrosion
with additional heating effects.

Modified VDA Salt Spray Tests

Ferric Chloride Immersion Tests

Potential Measurements in Crevice

Dip and Dry Tests

Component Tests

Tests to Determine Degree of Sensitization

N o o s~ 0 Db~

Potentiodynamic Polarization Measurements
3.4.1 Modified VDA Salt Spray Tests

After a thorough assessment of all existing testing methods which were used to
evaluate materials for exhaust applications, the tests mentioned in this section were
developed by identifying commonalities and differences, integrating them where
possible, and as far as possible simulating actual environments and operating
conditions. For the development, two main criterions were considered:
aggressiveness of the tests to obtain rapid results, reproducibility of the results from
the tests. Therefore, in the following developed tests, the standard exposure cycles
have been modified and additional heating cycles were introduced to meet the
objectives of this research work.

Salt spray testing is the oldest and most widely used corrosion testing method [134].
This test is used extensively in different ways for specification purposes and
determining the relative corrosion resistance among different materials [135]. For
automotive exhaust applications a standard test named VDA 621-415 is common in
practice. This test has additional humid and dry cycles instead of continuous salt
spraying. But again, it does not accurately reproduce corrosion performance for the
automotive exhaust parts. The high temperature phase which occurs in an actual
practice is not present in any standard test. Therefore, different testing cycles with
additional heating effects were performed during this study. Some modifications have
been made in standard VDA 621-415 including different heating temperatures and
times for different phases. In all these methods a solution with 5wt% NaCl was used.
These different cycles are explained in detail and the schematic illustrations of the
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applied four different test procedures are shown in figure 3.3-3.6. These tests were
evaluated and integrated to develop standard test protocols for cold end components
of the exhaust component.

Method A VDA 621-415

This method is frequently used in automotive exhaust industry to validate the
materials. Surprisingly, there is no heating cycle involved in this test to simulate the
impact of different temperatures on materials which actually is a common practice. A
correlation of this testing method with field often leads to a disagreement. The reason
that this method does not accurately reproduce corrosion performance for automotive
exhaust parts is that it does not accurately reproduce the conditions under which
automotive parts are exposed. The standard test cycles for this test are shown in

figure 3.3.
24 e
Salt spray test
_ L] SneoaasT
£ 16
o Condensed water climate
£ 12 - 40°C & 95% R.H
8 20°C & 70% R.H
Room climate
4 I:l 20°C & 65% R.H
0
Day1 Day2 Day3 Day4 Day5 Day6 Day7
Salt spray phase Condensed water phase Room climate
24h 96h 48h
Figure 3.3: Layout of a standard VDA 621-415 Test
Method B:

This method involves a change of one cycle in the VDA test. A heating cycle where
samples were heated at 500°C for 24 hours was introduced. The maximum possible
material temperature in a muffler is 500°C which was the reason to choose that
temperature. The 48 hour room climate in the end was reduced to only 24 hours. A

schematic layout of this cycle is shown in figure 3.4.
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24
20
16
12

Time [h]

Day 1 Day2 Day3 Day4 Day5 Day6

Heating phase
500°C

Salt spray test
5% NaCl at 35°C

Condensed water climate
40°C & 95% R.H
20°C & 70% R.H

Room climate

20°C & 65% R.H
Day 7

Salt spray phase
24h

Figure 3.4: Modified VDA test with weekly heating

Method C:

Condensed water phase Room climate
96h 24h

Here testing with daily heating of samples with same temperature was performed.

The reason was to accelerate corrosion and to create a testing cycle more relevant

for a short distance driving cycle e.g. a typical urban driving behaviour. The testing

cycles are given in figure 3.5.

Time [h]
)

Heating phase
500°C

Salt spray test
5% NaCl at 35°C

Condensed water climate
40°C & 95% R.H

Room climate
20°C & 65% R.H

Cyc.1 Cyc.2 Cyc.3 Cyc4 Cyc.5 Cyc.6 Cyc.7

Salt spray phase
3.5h

Condensed water phase Room climate
14h 3h

Figure 3.5: Modified VDA Test with daily heating
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Method D:

A method D was different from the method C only in terms of shortened condensed
water climate and long room climate duration. In both these methods, the effect of
condensed water climate duration on corrosion behaviour was studied. A complete

detail of testing cycles is given in figure 3.6.

Heating phase

500°C
20
Salt spray test
= 18 5% NaCl at 35°C
o 12
E Condensed water climate

40°C & 95% R.H

Cyc.1 Cyc.2 Cyc.3 Cyc.4 Cyc5 Cyc.6 Cyc.7

Salt spray phase Condensed water phase Room climate
4h 4h 12.5h

Figure 3.6: Modified VDA test with daily heating and less condensed water climate

On B

Room climate
20°C & 65% R.H

Specimens from both grades 1.4509 and 1.4301 were cut out in the dimensions of
100x100mm? from the flat panels. Flat samples without any crevice assembly were
investigated in a first phase with all four testing cycles. The crevice corrosion studies
were done with a method D. Two steel plates from each grade were welded together,
while placing crevice distance pieces between them having defined width. Crevice
width was varied from 0.1, 0.3, 0.5 and 1.0 mm were assembled, as shown in figure
3.7 and table 3.6. The specimen with 0.0 mm crevice was built with a single
specimen, without any welding. All specimens were cleaned with acetone to
degrease and clean the surface. After cleaning, the samples were placed vertically in
a sample holder, having a 15° inclination. An automated corrosion chamber was
used to control the temperature and humidity containing 5wt.% sodium chloride
(NaCl). The progress of corrosion on test samples was evaluated after the salt spray
test.
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Figure 3.7: Specimen assembly with well defined crevice

Table 3.6: Test plan for samples with different crevice gaps

Sensitization Method D
Grade Crevice gaps [mm] Temperature Sample removal
[°C] [No. of cycles]
1.4509 0.1/0.3/0.5/1.0 500°C 3,6,9,12
1.4301 0.1/0.3/0.5/1.0 500°C 3,6,9,12

3.4.2 Ferric Chloride Immersion Test

This test method demonstrates a standard with the purpose of determining the
resistance of stainless steels to pitting and crevice corrosion when exposed to
oxidizing chloride environments. In this study, modification in standard test method
was performed with the aim to evaluate how different crevice width and setups affect
1.4509 ferritic stainless steels resistance to crevice corrosion. The test solution 6%
FeCl; was used. This electrolyte represents more aggressive environment as
compared to the real conditions in the rear muffler. It was adequate to achieve
crevice corrosion during a one week test period and to permit comparison of crevice
size and setup as function of investigated parameters.

The 1.4509 specimen plates of dimensions 75mm x 25mm x 1.5mm were used. Their
sides and edges had been grinded with 220 grit SiC paper and afterwards rinsed with
acetone, to remove dirt, fingerprints and residues from grinding from the surface.
Two different crevice setups were used, which are presented in figures 3.8 and 3.9.
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The first assembly consisted of two 1.4509 plates separated with a ceramic shim with
a defined width, the second assembly with one 1.4509 plate and a Plexiglas counter
piece also separated by a ceramic shim of defined width.

e O-Rings-———_________h

Defined crevice

1.4509 plates

/

0
L

Ceramic shims with defined width

Figure 3.8: Sample assembly with two 1.4509 sheets

F____ﬂ____—JD-Rings-———_________h
I ___——Plexiglas plate

Defined crevice 1.4509 plate
Ceramic shims with defined widthj

Figure 3.9: Sample assembly with 1.4509 and Plexiglas counter piece

W

The specimens were placed in separated plastic flasks, according to their setup type,
as shown in table 3.7.

Table 3.7: Specimen setup for ferric chloride test

Specimen  Crevice width Applied stainless steel Counter

Setup type
PP number [mm] grade piece
1 =0 1.4509 Plexiglas
2 0.1 1.4509 Plexiglas
Stainless steel / Plexiglas 3 0.3 1.4509 Plexiglas
4 0.5 1.4509 Plexiglas
5 1.0 1.4509 Plexiglas
- 7/8 =0 14509 1.4509
. . 9/10 0.1 1.4509 1.4509
Stainless steel / Stainless
11/12 0.3 1.4509 1.4509
steel
13/ 14 0.5 1.4509 1.4509
15/16 1.0 1.4509 1.4509

-47-



Muhammad Yasir Experimental

The flasks were filled with the 6% FeCl; solution until specimen surface was
completely covered by the solution and all of them were stored for one week in the
laboratory, maintaining a constant temperature of 22°C. After one week, all samples
were removed from the flasks, separated from each other and cleaned in ultrasonic
bath with acetone. The surfaces were investigated by visual and optical methods.
Furthermore, pit depths and distribution were measured for each single specimen.

3.4.3 Polarization Measurements in Crevice

Crevice potential measurements were performed with a specific crevice setup. Three
platinum wires with a 0.5 mm diameter were embedded into a resin, with the same
length and width like the specimens. The lower side of the embedded compound
afterwards was polished until the surfaces of the platinum wires were uncovered with

embedding mass. The position of these three platinum wires is shown in figure 3.10.

Crevice FLias Embedded resin

|
1.4509 sheet
Ceramic shims

Figure 3.10: Alignment of Pt- wires in crevice

This compound was put together with the specimen, separated from each other with
small ceramic shims. The ceramic shims were plates of different thicknesses i.e. 0.1
mm, 0.5 mm and 1.0 mm, with the function to constitute different crevice widths. This
setup out of the embedding compound, ceramic shims and specimen had been fixed
with two O-rings and put into the electrolyte. The specimen was connected as
working electrode, while the three platinum wires were connected as three separate
reference electrodes to the potentiostat. The usefulness of the platinum as an
electrochemical reference electrode was already studied in detail by some authors
[136]. An outer platinum electrode was also placed on the backside of the specimen
to have no affect on the three crevice platinum electrodes. The reason for using outer
platinum electrode (outside the crevice) was to measure the difference in potential
between inside and outside the crevice in the solution. Experimental setup is shown

in figure 3.11.
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AE
Potentiostat

Additional Platinum-
reference-electrode

(out of crevice)

Platinum- reference- | Electrolyte

eletrodes

Figure 3.11: Setup for electrochemical crevice potential measurements

3.4.3.1 Measurement in 6% FeCl3 solution

In the first step, an aggressive medium was selected for these measurements. The
same 6% FeCls solution which was also used in immersion tests was used. For this
electrochemical measurement, test duration of 100h and crevice sizes of 0.1 mm and
0.5 mm was selected.

3.4.3.2 Measurement in 10 ppm CI solution

In a second step, a medium with very low concentration of chloride was selected. For
this electrochemical measurement, test duration of 100 h and crevice sizes of 0.1

mm and 0.5 mm was selected.

Table 3.8: Summary of performed potential measurement tests

Crevice size [mm] Tests per , Duration | Outer
Electrolyte ) Aeration 4
0.1 05 crevice [h] electrode
6% FeCls; X X 2 X 100 X
10 ppm CI X X 2 X 100 X
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3.4.4 Dip and Dry Test

This test simulates the internal corrosion in exhaust components. A dip and dry test
apparatus was specially constructed during this research work. A fully automated
system was build up and used for controlling the periodic dip and dry test cycles as
immersion into the condensate, followed by air drying and humid atmosphere
exposure. An overview and schematic layout of dip and dry testing setup is shown in
figures 3.12 and 3.13.

Figure 3.12: Overview of a constructed dip and dry testing equipment

compressor

Figure 3.13: Schematic sketch of dip and dry tester
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The test which was used in this study is shown in figure 3.14. It involves the following
cyclic procedure:
e Heating phase: Heating cycles were applied at 500°C for 5 hours to simulate
the heat impact during a driving cycle.
e Wet phase in artificial condensate: Samples were immersed partially in a hot
condensate.
e Drying phase: Samples were dried with hot air with a help of a heater in this
phase.

e Humidity phase: Samples were placed under humidity in a same chamber.

Heating phase (1) Drying phase (3)

level2 @
levell 1 @ |

Figure 3.14: Schematic view of testing phases: (1) Heating phase, (2) Wet phase (3) Dry
phase and (4) Humid phase

Samples were cut in sizes of 100x100mm and degreased ultrasonically in acetone for
5 minutes and rinsed with distilled water before investigation. After cleaning, samples
had been placed on metal sample holders at an angle of 15° to the vertical. The
condensate was changed regularly to maintain the same pH during the whole
experiment. The composition of the dip and dry condensate with a pH value of 3.4 is
described in table 3.9.
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Table 3.9: Chemical composition of dip and dry test condensate

Chemical substance  CgHsO, NaOH NaCl Distilled water

The dip and dry test procedure is illustrated schematically in figure 3.15. The
condensate was circulated from lower section to the upper one with the help of a
pump. Approximately, 2/3 of the surface area of each sample was exposed to acidic
condensate for 2 hours. The condensate temperature was 50°C and the condensate
level at the upper section of the chamber was controlled by circulation. Wet phase
was followed by the 1 hour hot phase where hot air at 250°C was send by a heater to
the chamber. In the 3 hours humid phase, condensate temperature was introduced to
the bottom of the chamber at 60°C to provide humid effect in the chamber. Hot air
supply or condensate contact with samples did not take place in this phase. This

procedure was done fully automatically. Heating was done in a separate furnace.

||

1 complete
cycle.

I
F |
I 4. Humid cycle 3h 2. Wetcycle2 h I
1. Heating Phase I
: 500°C/5hrs |
|i |
I |
H 3. Hot cycle 1h
S :
I |_, This cycle repeats 5 times before
| proceeding to the “heating phase.” I
— — — — — — — — — — — — — — — — — —

Figure 3.15: Layout of dip and dry cycle

The whole test was applied until 5 cycles. After 2, 3, 4 and 5 cycles one sample from
each grade and crevice size was taken out for characterization as shown in table
3.10. The quantification of corrosion attack on samples was done by measuring the
pit depths with the help of X-ray radiography.
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Table 3.10: Overview of test plan for dip and dry tests

) Sample
, Heating treatment
Grade Crevice gaps [mm] . removal
(Daily, °C]
[No. of cycles]
1.4509 0.1/0.3/0.5/1.0 500 2,3,45
1.4301 0.1/0.3/0.5/1.0 500 2,3,45

3.4.5 Component Testing

The concept of testing a complete muffler system under near practical conditions was
designed. The idea behind this proposal was to develop a testing method in which the
real problems from the field can be simulated. This corrosion rig has been developed to
validate the corrosion resistance of components in a short period of time. A schematic
layout of corrosion rig is shown in figures 3.16, 3.17 and 3.18 respectively. To investigate
both external and internal corrosion with additional heating in one test was the task. A
testing chamber with heaters, blowers and pumps was constructed where the following
different conditions can be programmed individually:

= Hot gas flow with various flow rates with maximum temperature 650°C depending

on the service temperature for the investigated part.

= [njection of an artificial condensate.

= Salt spray conditions with the help of different nozzles.

=  Water or salt water sprinkling including a thermal shock effect.

= High humidity condition and controlled chamber temperature.
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Figure 3.17: Inner view of corrosion rig with muffler inside
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| Corrosion rig controlled through computer software | | Fully Programmable & Online Monitoring

A

o] =
Chamber i ]

Humidifier

5 S Rl B e R b 0 e
Pyl S oy e gy i) e gy Sy D i |

| sample Muffler [|———

Pump 1: Salt sprinkle | +—

Pump 2:Condensate

Pump 3:Salt spray <«

Figure 3.18: Schematic layout of test setup for components

A life time determination of a component with different material and design combinations

was planned. The testing setup has following features:

An exact simulation of real conditions which are not possible with the standard
lab tests could be done with this test.

Simulation of long driving (highway type) and short driving (urban type) cycles is
also possible.

All influencing factors like the role of welding, deformations etc. can be studied in
one single test.

Study of different designs & material combinations.

A thermal shock effect can also be simulated.

Results in a very short period of time.

Low cost, especially when compared to a vehicle test.

Life time estimation of a component is possible.

Enhanced reproducibility compared to other tests.
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A large field study was done on 15 parts in order to compare the behaviour of field
parts and parts from the corrosion rig. Cooperation with one garage was made to
obtain some corroded mufflers with some basic information for the investigation.
Initially, a questionnaire sheet was provided with some important questions including
type of car, mileage, number of years in field, mode of driving (long distance or short
distance travelling) etc. Then, photo documentation was done before and after
cutting the systems to highlight the interesting factors like: corrosion status both from
outside and inside, strong and weak aspects of design etc. Corrosion attack was
quantified by measuring pit depths from some defined positions. Also, the same
types of systems were tested in a corrosion rig to make a comparison study. With
regard to outer appearance the corrosion rig provides a “worst case” scenario where
testing parameters were adjusted in order to simulate the desired testing conditions.

3.4.6 Tests to Determine Degree of Sensitization
3.4.6.1 Streicher Test

This test is widely used to detect susceptibility to intergranular corrosion associated
primarily with chromium carbide precipitation. The Streicher test was performed at a
temperature of boiling sulphuric acid for a time of 120 hours. This test procedure was
according to ASTMG28B [137]. Streicher test solution was composed of 236 ml
sulphuric acid (H2SO4), 25 g iron (Ill) sulfate hydrate (Fe2(SQO4)3.XH20) and 400 ml
distiled water. The testing equipment consists of 1-liter Erlenmeyer flask with an
Allihn condenser. The samples were placed in a flask in a glass cradle whereupon
the solution is added. A complete testing scheme is given in table 3.11. During
Streicher test, the amount of corrosive attack is determined by quantity of dissolved
volume of chromium depleted zones as well as by the amount of dropped grains. The
higher the sensitization of the specimen, the higher is the amount of dropped grains

Therefore, the extent of dissolved volume increases drastically.
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Table 3.11: Overview of test plan for Streicher tests

Streicher Test 1.4509 1.4301

As Received X X

500°C 1X10h X X
wown X o
Cwown X o
ook .

1X10= Continuous heating in one step, 10X1= Heating with cooling intervals

3.4.6.2 Strauss Test

This test is also used to detect susceptibility to intergranular corrosion associated
with the precipitation of chromium rich carbides. Test procedure was according to
ASTMG28E practice [137]. The specimens were embedded in a copper shot and
exposed to the medium. The Strauss test was performed at a temperature of boiling
copper-copper sulfate-16% sulfuric acid for a time of 15 hours. Strauss test solution
was composed of 100 ml sulphuric acid (H2SO4), 100 g copper sulfate pentahydrate
(CuS04.5H,0) and 700 ml distilled water. The testing equipment consisted of 1-liter
Erlenmeyer flask with an Allihn condenser. The samples were placed in the flask in a
glass cradle, covered with splint of copper (electrolytic copper) whereupon the
solution is added. The solution is heated to boiling temperature throughout the whole
experiment. After exposure in the boiling solution, the specimens were bent through
180°. The bent specimens were examined under stereo and scanning electron
microscope. The presence of fissures or cracks was considered as an indication to
the presence of intergranular attack. A complete test plan is shown in table 3.12.
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Table 3.12: Overview of a complete test plan for Strauss tests

Strauss Test 1.4509 1.4301
As Received X X
500°C 1X10h X X
o x _
oo x _
o x _

1X10= Continuous heating in one step, 10X1= Heating with cooling intervals

3.4.7 Polarization Measurements

Current density vs. potential measurements also known as polarization curves were
used to screen the corrosion behaviour of both materials with different aging
treatments. Materials and their details which were used during these measurements
are provided in table 3.13. In all these tests, at least two runs per condition were
performed to check reproducibility. These measurements were carried out in a three
electrode cell using a potentiostat. Calomel (Hg.Cl,) electrode was used as a
reference electrode which is equivalent to potential 240 mVsHe (Standard Hydrogen
Electrode) and a platinum plate as a counter electrode. All measured potentials are
stated relative to calomel electrode. The tests were carried out at room temperature
with an artificial condensate having a pH value of 3.4. The same medium was used in
dip and dry tests. The electrolyte content was: 19.2 g/l citric acid, 3.0 g/l sodium
hydroxide and 8.2 g/l sodium chloride in distilled water. All measurements were done
with aeration. Tests were applied on samples as in the received condition from the

suppliers. Samples were cleaned with acetone in an ultrasonic bath before the
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measurement. Open circuit potential (OCP) of all samples was measured 1 hour
before polarization. Scan rate was 200 mV/h and reverse potential was reached at a
current density of 1 mA/cm? for all the measurements. In figure 3.19 a schematic lay

out of electrochemical cell is shown.

Table 3.13: Overview of potentiodynamic polarization measurements

TreF;?:]tent 1.4509 1.4301
As Received X X
Cwooion < <
300°C 10X1h X X
oo < <
Cwovion < <«
oo X <
Cwocioan X <
oo < <
600°C 10X1h X X
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Figure 3.19: Testing setup used for all electrochemical measurements
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3.5 Sample Evaluation

3.5.1 Microstructural Analysis
3.5.1.1 Optical Microscopy (OM)

Standard metallographic techniques were employed to prepare the cross section
samples used in the optical microstructure characterization. The specimens were
sectioned and mounted by standard metallographic technique, followed by grinding,
polishing and etching to reveal their microstructures including the grain boundaries.
Metallographic examination was performed in a conventional Olympus BX51M
reflecting light microscope on all samples of investigated alloys.

3.5.1.2 Scanning Electron Microscopy (SEM)

The samples were investigated at high magnification in the as-polished condition
using a Field Emission Gun Scanning Electron Microscope (FEG SEM), type Tescan
VEGA SB, equipped with an Oxford INCA Energy EDS system. Reaction products
and particles at the surface were examined by backscattered electrons (BSE) to
reveal variations in chemical composition, and secondary electrons (SE) to reveal
topographic details on the surface. EDS composition analysis and X-ray mapping in
the cross section geometry were carried out in the surface-near regions and close to

the corrosion pits to determine the element distribution within specific phases.
3.5.1.3 Transmission Electron Microscopy (TEM)

Thin foil preparation involves sectioning of the samples, mechanical thinning by a
dimple grinder and electro-polishing. TEM investigations were performed with a
Philips CM 200 microscope operating at 200kV. Both compositional analyses and X-
ray mapping were carried out in the surface near region of the sample employing an
EDAX system with DX-4 workstation computer.

3.5.2 Surface Analysis
3.5.2.1 2D Optical Microscopy

The use of conventional optical microscope to measure pit depths is one of the well
known and oldest method which is still in practice [138]. It is a technique providing
the characterization of specimen surfaces after corrosion tests in respect of quantity
of pits and their location. With this method pit depth is the difference in height of a
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specimen surface and bottom of a pit measured by focusing microscope’s knob. This
technique to measure pit depth implicates two disadvantages. On the one hand to
locate and measure depths of pits on a complete specimen surface requires high
personal efforts and on the other hand, the results precision is not very high, because
of personal errors and less resolution [139]. In this work, optical microscopy was used
for corrosion quantification of tested samples.

3.5.2.2 3D Optical Microscopy

The use of 3D optical microscope to quantify pitting corrosion is also common
nowadays. Using these measuring tools enables quantification of corrosion damage
with high resolution visualization. In this research an Infinite Focus Measurement
(IFM) device 64 from Alicona was used to measure pit depths and to obtain 3D data
of sample surface. Its operating principle is focus variation. This moves the focus
plane of a known objective lens vertically over a surface which in conjunction with
Smartflash illumination builds up a 3D full colour model of the surface to be
examined. In this research entire surface of specimens were evaluated by an
automated 3D optical microscope with statistical data analysis. Characterized

parameters were the maximum pit depth and pit volume.
3.5.2.3 Radiography

Digital radiography is one of the oldest non destructive techniques (NDT), which has
been in use for a long time as a monitoring method to detect major flaws and severe
corrosion attacks in many industrial systems. In this method, X-rays are generated by
means of specially designed high vacuum tubes (X-ray tubes). When electrically
operated this tube emits penetrating radiation beams known as X-rays. The beam
from equipment penetrates a piece of metal, and the amount the beam is attenuated
depends on the thickness of the material. Hence, the intensity of the transmitted
beam varies with position. Step wedges are used for calibration and standardization
of X-ray machines. Also, when an object with various thicknesses is radiographed, a
step wedge of the same material is used. The resulting radiograph shows the
dimensional features of the part. In a photograph, the thinnest portion of a sample will
cause dark image while the thickest portion where the intensity was low will cause a

bright image. The principle of digital radiography is presented in figure 3.20.
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Figure 3.20: Radiographic schematic of calibration sample and corroded sample [140]

Comparison among 2D microscopy, 3D microscopy and radiography

To answer the upcoming question that why radiography was extensively used during
this study, all three methods used, i.e. optical microscopy, 3D optical microscopy and
X-ray radiography are systematically compared. There were 3 samples of different
stainless steel grades used for the measurements. These samples were taken after
performing the salt spray test. Table 3.14 shows the maximum pit depth
measurements from the sample using all three pitting quantification methods.
Example of visual comparison between 3D & 2D images from 3D microscope and

image from radiography for one sample are shown in figure 3.20.

Table 3.14: Maximum pit depth for each sample

) Max 3D Max 2D microscopy Max Radiography
Sample | Side ,
Microscopy (um) (um) (Hm)
101 A 131,83 162,00 146,00
B 95,71 126,00 146,00
102 A 259,59 252,00 215,00
B 175,94 180,00 215,00
103 A 131,12 216,00 148,00
B 171,79 234,00 148,00
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Figure 3.21: Example of visual comparison between 3D & 2D images from 3D microscope

and image from radiography respectively from top for sample 103

300,00 1
250,00 -

200,00

B Max from 3D
B Max from Optical
B Max from Radiography

150,00 +

Pit depth (um)

100,00 4

50,00 -

101 A 101B 102A 102B 103 A 103 B
Sample

Figure 3.22: Pit depth graph from each sample with error range
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As we can see from the graph, measurements from most of samples are well within
the error range. The error range for optical microscope was taken to be 30 um after
comparison between pit depth measurements on same sample by different
experimenter. Approximately 8% error range was taken for 3D microscope and the
radiography after finding out the standard deviation from the maximum of each
sample from each measurement. However, the maximum from each cell in 3D
microscope measurement and radiography measurement are well within the each
other’s “error range” indicating the reliability in their measurement.

The main quantification problem with 2D optical microscope is human error. Since
the whole operation mechanism depended on how the user handles the microscope
and also on the varying eyesight of each user. Besides the problem with whole
surface measurement in 3D microscope was uneven structure of the sample
measured i.e. some samples were bent or had hollowed structure at some position
thereby increasing the measurement depth from the topmost stable point causing
increase in the measured pit depth as compared to the actual pit depth. 3D
microscope with each cell measurement and radiography measurement had no such
quantification problem and were considered suitable methods.

This comparison study has revealed that high resolution X-ray radiography is a
powerful and easy method to quantify pitting corrosion both in terms of pit depths and
percentage of affected area. This method overcomes common problems like high
scatter of results, high personal and cost efforts with low reproducibility for other
methods. The following conclusions can be drawn from this study that each of the
explained methods has its own characteristics and advantages depending on the
type and purpose of required information. The comparison has revealed the fact that
none of the discussed method fulfils all the desired requirements. Every technique
has its own merits and demerits but X-ray radiography appears amongst one of the
suitable especially in terms of personal efforts and costs. The summary of all three

methods in a form of comparison are explained in a table 3.15.
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Table 3.15: Comparison of light microscopy, 3D microscopy and radiography

Size of
specimen 2D Optical Microscopy 3D Microscopy X-ray Radiography
(700X700 mm)

Costs Low High Medium

Medium (1hr, Medium (1hr, Low (30 min,
Required Time | dependent on corroded dependent on corroded  independent on corroded

surface) surface) surface)

) ) Percentage affected

Possible Pit depth measurement Percentage affected area
area

Analysis 2D photographs 2D photographs

y P grap 2D & 3D photographs P arap

Precision &

Pit depths: Low Pit depths: High Pit depths: Medium
Accuracy (Till 30 um exactness) (Till 1pm exactness) (Till 5 pm exactness)
Reproducibility Low Very High High

(Examiner dependent)

Low cost and time are obvious advantages of this technique, however, it has some
limitations too. Sometimes, precise estimation of a pit is also difficult because of
alignment of the pit relative to radiation beam. The most significant limitation of this
technique is accessibility of both sides of the sample to X-ray radiations. The results
of this work shows that radiography is a very promising way for quantification of

pitting corrosion.
3.5.2.4 Scanning Electron Microscopy (SEM)

The surface analysis of the samples was done by using a scanning electron
microscope (SEM). A direct image of the topographical nature of the surface was
studied after different tests. It provides useful information concerning surface
discontinuities and different corrosion mechanisms. The acceleration voltage was
kept at 20 KV and the working distance was varied. The analysis was performed on

samples before and after exposure testing.
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3.5.2.5 X-Ray Diffraction (XRD)

When a beam of X-ray with a known wavelength contacts a solid material with a
specific crystal structure, diffraction can occur under the conditions that the atomic
spacing or the distance between two planes of atoms is similar to that of the beam
wavelength and that the wave motion of the X-rays can be interfered [141]. Upon
selecting a particular angle of incidence, known as Bragg’s law, the X-rays will be
scattered. If the scattered rays are in phase, they will reinforce each other to cause a
constructive interference or a diffracted beam. Those angles that do not satisfy
Bragg’s law will scatter X-rays out of phase to cancel out each other and cause
destructive interference in which no diffraction will be detected. A model 3003 TT (GE

inspection technologies) was used during this study.
3.5.2.6 Time of Flight Secondary lon Mass Spectroscopy (TOF-SIMS)

In SIMS, the sample is irradiated with a primary ion beam, the impact of which
sputters away the surface atoms, some as neutrals and other as ions. Those atoms
which become ionized are then detected in a mass spectrometer, where their
masses are measured. It's most sensitive of all the commonly employed surface
analytical techniques. TOF-SIMS analyses were performed using the instrument
TOF-SIMS, ION TOF, Germany. Parameters: 25keV Bi liquid metal gun, bunched
mode, charge compensation with a pulsed electron gun, 3keV Ar ion sputter gun,
sputter angle 45°, sputter area 200 X 200 um?, analysis area in center of sputter
crater about 60 X 60 um?, sputter/analysis process in interlaced mode. A summary of

complete test plan and used characterization methods is given in table 3.16.
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Table 3.16: Complete test plan with characterization methods

Microstructural Surf Analvsi
urface Analysis
. Analysis y
Testing

Methods
OM SEM TEM %" gg" Radiography SEM XRD SIMS

Sensitization of X X X X X
Materials

Modified VDA Salt

Spray Tests X X X X X X X

Ferric Chloride

Immersion Test X X

Potential
Measurements in X
Crevice

Dip and Dry Test X X X X X

Component

Testing X X X X X

To Determine
Degree of X X X
Sensitization

Potentiodynamic
Polarization X

Measurements

OM...Optical Microscopy, SEM...Scanning Electron Microscopy, XRD...X ray Diffraction,
SIMS...Secondary lon Mass Spectroscopy
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4. Results

4.1 Sensitization of Materials

4.1.1 Continuous Oxidation Test

In this test, the oxidation behaviours of the ferritic stainless steel and austenitic steel
were compared to understand the difference in oxidation rate of two materials. The
results of the weight gain for both materials subjected to different oxidation
temperatures for 10 and 100 hours is given in figure 4.1 and 4.2. From both figures it
can be seen that the grade 1.4509 performs significantly better than the grade
1.4301. SEM micrographs of the top scale surface formed on 1.4509 and 1.4301 are
shown in figures 4.3 and 4.4 respectively.

——1.4509
—4—1.4301

Increase in weight [mg/dm?]

450 500 550 600 650 700 750 800 850
Temperature [°C]

Figure 4.1: Weight gain of materials 1.4509 and 1.4301 as function of temperature, t=10h,
air cooled, as rolled surface
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Figure 4.2: Weight gain of materials 1.4509 and 1.4301 as function of temperature, t=100h,
air cooled, as rolled surface

1.4509 25X 250X

500°C
100 hrs

800°C
100 hrs

Figure 4.3: Surface oxides on 1.4509 after treatment of 500°C and 800°C after 100 hours
showing continuous films
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1.4301 25X 250X

500°C
100 hrs

800°C
100 hrs

Figure 4.4: Surface oxides on 1.4301 after treatment of 500°C and 800°C after 100 hours
showing ruptured films

From figures 4.3 and 4.4, it can be concluded that at 800°C treatment, grade 1.4301
lost its surface layer while 1.4509 still have its surface layer. The 1.4301 sample
clearly demonstrates islands of broken surface film and deep continuous attack.
Discrete areas of blistering and oxide spallation occurred on the surface of 1.4301
sample. Ferritic stainless steels have a low coefficient of thermal expansion which
supports reduced spalling or flake formation on surface. On the other hand, austenitic
grades have high thermal expansion coefficient which makes them prone to high
temperature corrosion. Also other researchers also found that ferritic stainless steels
are superior to austenitic stainless steels under oxidation conditions [142-145]. The
micro-structural examinations were done with the help of optical, scanning and

transmission electron microscopy.
4.1.2 Effect of Temperature and Time on Microstructure

In this section, the influence of different holding temperatures for 100h on
microstructure of steel grades is discussed. By optical microscopy, neither 1.4509
nor 1.4301 showed precipitations along grain boundaries below 500°C after 100
hours. Micrographs of all treated samples at different temperatures for 100h are
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shown in figure 4.5. It can be seen that grade 1.4301 showed precipitations along
grain boundaries at 600°C whereas in 1.4509 no precipitation was found.

Temperature for
100h holding time

1.4509 1.4301

500°C

600°C

700°C

800°C

Figure 4.5: Microstructures of materials 1.4509 and 1.4301 as function of temperature,
t=100h, air cooled, as rolled surface
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Furthermore, a detailed investigation with the help of high resolution techniques like
scanning electron microscopy and transmission electron microscopy was done for
500°C and 800°C treated samples. The temperature 500°C is the maximum possible
temperature in the muffler and 800°C is the temperature in the hot end components.

4.1.2.1 Grade 1.4509 treated at 500 °C and 800 <C for 100 hours

SEM and TEM micrographs of grade 1.4509 treated at 500°C for 100 hours is shown
in figures 4.6 and 4.7. No precipitations along grain boundaries were observed.

SEM HV. 20,00 kV WL 271640 mm Ll SEM HV. 20.00 kv WD 10.0040 mm
SEM MAG: 2,50 kx Det BSE Detector 50 pm SEMMAG: 10.00kx  Det: BSE Detector 10 pm

Figure 4.6: SEM micrograph 1.4509 treated 100h at 500°C

Figure 4.7: TEM micrograph 1.4509 treated 100h at 500°C
In TEM few fine precipitates were found which were scattered in the matrix. In this

stabilized steel, the free standing (Ti, Nb)C were more homogeneously distributed
around the sample and not only on the grain boundaries. This phenomenon is
explained later in section 4.1.3 and 4.1.4 in further detail. SEM micrographs of grade
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1.4509 treated at 800°C for 100 hours are shown in figure 4.8. Some precipitations
along grain boundaries were observed too.

SEM HV: 20.00 kv WO 26.9640 mm

L SEM HV: 20.00 kv WD 26.9520 mm
SEM MAG: 2.50 hx Det BSE Detector 50 pm

SEMMAG: 500k« Det BSE Detector 20 pm

Figure 4.8: SEM micrograph 1.4509 treated 100h at 800°C, showing precipitations along
grain boundaries
From figure 4.9 it can be seen that in spectrum 1 the whole area was selected and in
spectrum 2 a point analysis was done directly on precipitates with the help of EDS.

b 20pm : Elektronenbild 1

Figure 4.9: SEM micrograph 1.4509 treated 100h at 800°C

-74-



Muhammad Yasir Results

EDS analysis confirmed the difference in concentration of Ti and Nb between the
centre of grains and near grain boundaries. It was partially altered by the formation of
Ti and Nb carbides. In figure 4.10 it can be clearly seen that the peak of niobium is
higher in spectrum 2 as compared to the spectrum 1 which indicates that in spectrum

2 we have an enrichment of niobium.

[Ehadenbereich 1372 cts Cursor 00000

Figure 4.10: SEM/EDS analysis of 1.4509 treated at 800°C

Figure 4.11: TEM micrograph 1.4509 treated 100h at 800°C
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Precipitation along grain boundaries was also found with the help of transmission
electron microscopy. Furthermore, EDS analysis confirmed the presence of niobium
and titanium enriched phases. Similarly, some precipitates of niobium were found
directly in the grains. A point analysis from position 1 shows this effect where a
niobium enriched phase was detected.

Figure 4.12: TEM micrograph 1.4509 treated 100h at 800°C

100 1
90 ~
80 H

70 A

60 -
@ Spot 1

50 | Spot 2
O Spot 3

40 A

30 A

Concentration of Atomic %

20 A

Ti Cr Mn Fe Ni Nb
Element Composition

Figure 4.13: TEM/EDS analysis 1.4509 treated 100h at 800°C

4.1.2.2 Grade 1.4301 treated at 500 °C and 800 <C for 100 hours

Also in grade 1.4301, there are no precipitations along grain boundaries below
500°C. Both SEM and TEM results showed no grain boundary precipitation as shown
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in figures 4.14 and 4.15. The microstructure of a specimen treated at 800°C for 100
hours showed a strong attack along grain boundaries.

SEM HV. 20.00 kV ‘WD 27.0430 mm

L SEM HV: 20,00 kv WO 270080 mm
SEM MAG: 2.50 ko Det: BSE Detector 50 pm

SEM MAG: 501 kx Det BSE Detector 20 pm

Figure 4.14: SEM micrograph 1.4301 treated 100h at 500°C
A neat and clean microstructure without any discontinuities and imperfections are
present at 500°C both in micrographs of SEM and TEM.

=t

Figure 4.15: TEM micrograph 1.4301 treated 100h at 500°C

After heat treatment at 800°C, the material shows a totally different behaviour. The
microstructure investigations by SEM and TEM reveal the fact that the material is
sensitized. Moreover, a high rate of precipitation along grain boundaries is found.
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SEM HV. 20.00 kv W 27,0690 mm i SEM HV. 20.00 kV WD 271160 mm 1
SEM MAG: 2.49 kx Det: BSE Detector 50 pm SEM MAG: 2 50 kx Det SE Detector 50 pm

Figure 4.16: SEM micrograph 1.4301 treated 100h at 800°C

S0um ' Elekronentild 1

Figure 4.17: SEM micrograph 1.4301 treated 100h at 800°C

The EDS analysis with the help of SEM confirmed the chromium carbide precipitation
along grain boundaries after this treatment. In spectrum 1 the whole area was

selected and in spectrum 5 a point analysis was done directly on the precipitates with
the help of EDS.
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Figure 4.18: SEM/EDS analysis 1.4301 treated 100h at 800°C
The precipitation of chromium carbides can be noted at 800°C. The ditches at the

grain boundaries were confirmed as chromium carbides with the help of EDS
analysis shown in figures 4.18 and 4.21.
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Figure 4.19: TEM micrograph 1.4301 treated 100h at 800°C, showing precipitations
along grain boundaries
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Figure 4.20: TEM micrograph 1.4301 treated 100h at 800°C

In point analysis, position 1 and 3 showed high percentage of chromium as
compared to position 2, which was directly in the matrix.
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Figure 4.21: TEM/EDS analysis 1.4301 treated 100h at 800°C
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4.1.3 Cyclic Oxidation Test

Heating with additional cooling cycles has a strong impact especially on ferritic grade.
From figure 4.22, it can be seen that the microstructure of 1.4509 has some
precipitates on the surface. These precipitates were confirmed as Ti and Nb enriched
particles with the help of SEM-EDS analysis. One example is shown in figure 4.23. In
a single continuous heating, they remained same and closed like in as received
condition. Surprisingly, the behavior changed and these precipitations burst off and
were totally opened during additional cooling cycles. In austenitic grade no surface
change was observed due to these treatments.

Treatments 1.4509 1.4301

As received
condition

SEM MAG: 5,00 kx  Det SE Detector 10 um

500°C for 10 h

500°C for 10 h
with cooling
intervals

Figure 4.22: Surface topography of both grades after different aging heat treatments
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Figure 4.23: EDS analysis of precipitate confirming enrichment of Ti and Nb

4.1.4 Cyclic Oxidation Test in Combination with Ferroxyl Test

A well known ferroxyl test according to ASTM A-380 was performed to detect the
presence of free iron or iron oxide after oxidation treatment. Samples after different
heat treatments were studied. A few minutes were enough to detect the rough
locations of the pores in the sample by the inspection of blue precipitates which
occurred due to the reaction of solution with free iron. The reaction is given in
equation 4.1. The formed blue precipitates grow rapidly in size, thus making it easy to
examine [146]. Furthermore, scanning electron microscopic investigations were done
to study the influence on surface characteristics before and after the test.

K* (aq) + Fe?* (aq) + [Fe(CNe)]* (aq) — KFeyFey (CN)s (s) (Equation 4.1)
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20pm L Elektranenbild 1

Figure 4.24: Microstructure of 1.4509 (500°C for 10 h with cooling cycles) after ferroxyl test

It was found that pitting initiates from the ruptured sites after periodic heating and
cooling of the samples. Elemental analysis showed some Ti and Nb particles in EDS
spectrum. Peaks of niobium and titanium are visible in figure 4.25.

Spekirum 5

1 2 3 4 3 B i

“kalenbereich 315 cts Cursor: 0,000 ket

Figure 4.25: Elemental analysis from the opening in the surface

Pitting was found mostly in the positions in the matrix where Ti and Nb precipitates
were present. The results showed that the grade 1.4509 was more prone to this type

of localized corrosion because of discontinuities in its passive film.
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4.1.5 TOF-SIMS Depth Profiles

The TOF-SIMS depth profile analysis on as received specimen and heat treated
sample at 500°C were performed. The sputter profiles are presented in figures 4.26
and 4.27. The sputter depth can be calculated with the knowledge of the sputter
performance. The sputter performance (nm/nA*s) depends basically on material and
matrix (composition) as well as sputter parameters e.g. used projectile, angle, energy
and current. The last parameters are known due to the sputter set up, but the effect
of the special composition (matrix) is unknown. For pure materials in the used
geometry is about Fe: 1/136.0 nA*s/nm and Cr 108.8 nA*s/nm. For the presented
data to 20000 nA*s the sputter depth based on these calculated performances can
be assumed in the magnitude of 147 nm (pure Fe) and 183 nm (pure Cr). Comparing
the sputter profiles to each other there are visible differences in oxide layer thickness
and also in the position of Cr-/Ti-/Nb signal maxima. The most intense signals in both
profiles are Fe and Cr. The non-treated sample show a Cr and Fe maxima basely
from the beginning falling down rapidly (below 1000 nA*s sputter count). Also the O-
signal falls down in the same region of sputter counts to a marginal intensity. The
500°C heat treated sample show a local maximum in the Cr signal at about 1800nA*s
and absolute maximum at about 39000nA*s. Also the O signal begins to fall down at
this normalized sputter count value i.e. 3900 nA*s. This leads to the conclusion that
the thickness due to the thermal treatment at 500°C is thicker (almost 16 times
thicker) than those of the non-treated sample. Also it can be stated that there seems
to be a Cr/Nb/ Ti rich layer in the interface of the bulk material and the oxide top

layer.
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Figure 4.26: Depth profile analysis of 1.4509 as received condition
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Figure 4.27: Depth profile analysis of 1.4509 heat treated samples at 500°C for 10 hours
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4.2 External Corrosion

4.2.1 Modified Salt Spray Tests

4.2.1.1 Influence of Heating cycle

Temperature is one of the critical factors that effects localised corrosion process
[147]. It is well known that resistance against localised corrosion decreases as
temperature increases [147-150]. In standard VDA 621-415 i.e. method A, no
corrosion attack was found on both materials. Radiographic images from both
samples are shown in figure 4.28. Sample with heating cycle showed high amount of
pitting corrosion attack whereas, a very less pitting attack was found in un-treated
sample. It can be clearly seen that additional heating cycles had strongly enhanced

the corrosion.

Without Heating Cycle With Heating Cycle
s . {"_'.','-'_J-
. 4 A -' A ;).j i 5
bo - -“ . - ! *l- ; .
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e " itk
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Figure 4.28: Radiographic images of crevice samples after 6 weeks

4.2.1.2 Influence of Different Test Methods

The simulation below consists of similar heating cycles and combinations. A
comparative study was made among different salt spray testing methods. A brief
summary of all test methods is given in table 4.1. Cyclic test D was found to be a
good compromise between less aggressive method B and most aggressive method
C. Photographs which were taken immediately after 1 week of exposure before the
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corrosion products were washed off are presented in figure 4.29. In figure 4.30,

results of radiography are given. Highest pitting corrosion attack was observed after

method C.
Table 4.1: Comparison of Modified VDA Salt Spray Tests
Methods Condensed i
Salt Spray Room Heating
After 1 Water ) . Comments
Phase (h) [ Climate (h) | Time (h)
week Climate (h)
No corrosion attack was found
A 24 96 48 0
after 1 week
With weekly heating, a clear
B 24 96 24 24 difference in amount of corrosion
attack was observed
This cycle was used to compare
with the method B. It was found
C 24.5 98 21 24.5 ,
to be the most aggressive
method amongst all
I's a Faurecia’s standard cycle
with daily heating and during this
D 24.5 24.5 87.5 24.5 |study it was found that it's a good

compromise between method B
and method C. It's mild
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Methods
After 1 week
of Testing

1.4509 1.4301

Method A

Method B

Method C

Method D

Figure 4.29: Overview of samples after different testing methods
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Methods
After 1 week 1.4509
of Testing

1.4301

Method A

Method B

Method C

Method D

Figure 4.30: Radiographs for direct comparison after different testing methods, black spots

presenting pitting corrosion attack
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4.2.1.2 Influence of Crevice Gaps

The size of artificial crevices was 0.1, 0.5 and 1.0 mm. Quantification of corrosion
attack on samples was done by measuring the pit depths by use of X-ray
radiography. The radiographic images are shown in figure 4.31. The area above the
red dotted line is the upper part of the samples where crevice opening (crevice

mouth) was present.

Figure 4.31: Radiographic images of crevice samples after 10 weeks Method D, area above
dotted red line presenting crevice opening (crevice mouth)

It was found that all crevice coupons showed more severe corrosion in the opening
i.e. near to crevice mouth as compared to bottom. The results showed that corrosion
attack was higher in 0.5 mm gap but lower in 0.1 mm and 1.0 mm after ten cycles of
testing. This test was repeated for several times to check the reproducibilty. It was
found that on the basis of salt spray test it was very difficult to make a clear ranking
among all the crevices because scattering rate was very high. Only some samples
have shown a uniform behaviour like the above mentioned examples. The problem
with this test method is that the electrolyte is applied in form of salt spray and only
reaches to some portion inside the crevice samples. Electrolyte cannot penetrate
easily into the crevice without capillary forces. Hence, the crevice has non uniform
electrolyte distribution and most of the time remains dry or is only partially wet. This
leads to different conditions inside the crevice and thus different conditions for each
specimen resulting in no comprehensive behaviour. Therefore, from this study it can
be concluded that the salt spray test is not suitable for studying the crevice corrosion

phenomenon.
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4.2.2 Ferric Chloride Immersion Test

After completion of the test, corrosion products were removed from the specimens

and after cleaning, pitting quantification was done with the help of radiography. In

figure 4.32 radiographs of specimens tested with different crevice widths are shown.

) Crevice ) )
Specimen . Applied stainless steel )
Setup type width Counter piece
number sheet
[mm]
1 =0 Plexiglas
I e
L Rt Farh e
2 0.1 . . Plexiglas
e ol - : |
* . -
1.4509 / e )
. 3 0.3 - - Plexiglas
Plexiglas ®s , *
4 0.5 Plexiglas
e i —
5 1.0 Plexiglas

Figure 4.32: Effect of crevice width on pitting in a crevice, 1.4509 with Plexiglas during ferric

chloride immersion test (6% FeCls, 22°C, 1 week)

From figure 4.32, it can be concluded that a crevice width 0.5 and 1.0 mm crevice

shows the lowest rate of corrosion. The specimen 1 i.e. ~0.0 mm which was without

any crevice also showed very little attack. For the other crevice sizes 0.1 mm, 0.3

mm and 0.5 mm no clear ranking could be made. For tight crevice e.g. = 0.0 mm, no

penetration was possible. It can also be concluded that when the width of the crevice

is large, the solution ions or oxygen transfer well through the outside and inside of

the crevice, causing the concentration difference to decreases, with the result that

crevice corrosion does not occur.
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) Crevice ) )
Specimen . Applied stainless steel )
Setup type width Counter piece
number sheet
[mm]
g ——
7/8 =0
N .
9/10 0.1
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1.4509/ . o .
11/12 0.3 E . v
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- - pE—— = =
13/14 05 i S
- - - =
- - " |
15/16 1.0 .
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Figure 4.33: Effect of crevice width on pitting in a crevice, 1.4509 with 1.4509 during ferric
chloride immersion test (6% FeCls, 22°C, 1 week)

From figure 4.33, one can say that the crevice with width 1.0 mm crevice showed the

lowest rate of corrosion. The specimen 7/8, i.e. ~0.0 mm which was without any

crevice also showed very little attack of edges. Therefore, it can also be concluded

that for bigger crevice susceptibility to crevice corrosion decreases. For the other

crevice sizes 0.1 mm, 0.3 mm and 0.5 mm no clear ranking could be made.
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4.2.4 Potential Measurements in Crevice

4.2.4.1 Measurement in 6% FeCls solution
After performing the electrochemical measurements, potential-time curves for each
crevice size were plotted in a diagram. Results of 0.1 mm crevice size are presented

in figure 4.34.

0.1 mm

The potential-time-curve, presented in figure 4.34, for 0.1 mm crevice width showed
an average potential value of -650 mV during the test duration of 100 hours.

-300
-400

-500

—— 0,1-Potentiall (outer electrode)
—— 0,1-Potential2
—— 0,1-Potential3
— 0,1-Potential4

E [mV/PY

-800

-900
0 10 20 30 40 50 60 70 80 920 100

tfh]

Figure 4.34: Potential time curve measured in 6% FeCl; — 0.1 mm crevice

In figure 4.35 the specimen surfaces, crevice and backside, are shown. Here, pits are
marked in red circle as shown in both pictures. The other big pits on edge corners
are due to crevice formers. This crevice corrosion happened where the ceramic
shims were in contact with the sample. The pit in crevice grew throughout the whole

thickness of the stainless steel sheet, leaving a big hole in the specimen.
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Crevice side Backside

Figure 4.35: 1.4509 specimen surfaces after measurement in 6% FeCl; — 0.1 mm crevice

0.5 mm

The potential-time-curve, presented in figure 4.36, for 0.5 mm crevice width stabilises

at a potential of -650 mV for 100 hours.

-300
-400

-500

-600 —— 0,5-Potential1 (outer electrode)
i — —— 0,5-Potential2
—— 0,5-Potential3
-700 —— 0,5-Potential4

-800

E [mV/PY

-900

-1000
0 10 20 30 40 50 60 70 80 90 100

thl

Figure 4.36: Potential time curve measured in 6% FeCl; — 0.5 mm crevice

In figure 4.37 the specimen surfaces, crevice and backside, are shown. Here, some
big pits can be observed. On crevice side, crevice corrosion was seen where the
ceramic shims were present. The pit, which is marked red in picture of crevice side
and backside, grew throughout the whole thickness of the stainless steel sheet. After
these measurements in the FeCls medium no conclusions could be made to
differentiate between two different crevice sizes. Due to the aggressiveness of the

medium, it was not possible to detect the initiation point of crevice corrosion.
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Obviously, only pitting has been obtained and minor crevice corrosion which would
have been more uniform. FeCl; solution is too much aggressive resulting in
immediate pit initiation in grade 1.4509. To overcome this issue in a next phase, a

less aggressive medium was used.

Crevice side Backside

Figure 4.37: 1.4509 specimen surfaces after measurement in 6% FeCl; — 0.5 mm crevice

4.2.4.2 Measurement in 10 ppm CI Solution

In figure 4.38, the results of 0.1mm crevice size in 10 ppm of CI” solution are given.

0.1 mm

-300
-350
-400
-450

-500
—— 0,1-Potential1 (outer electrode)

—— 0,1-Potential2
—— 0,1-Potential3
—— 0,1-Potential4

-550 |/
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-700
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-800
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Figure 4.38: Potential time curve measured in 10 ppm CI'— 0.1 mm crevice
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The potential-time-curve for 0.1 mm crevice size measured for 100 hours shows an
approximately stable behaviour, with some short breakdowns and repassivations.
Average potential is about 425 mV. Furthermore, it was found that the potential for
the outer electrode is 50 mV nobler than inside the crevice. No pitting corrosion

attack was found inside the crevice because of low aggressiveness of the electrolyte.

0.5 mm

800 T

‘‘‘‘‘‘
P

‘‘‘‘‘‘‘

-400

i —— 0,5-Potential1 (outer electrode)
{ —— 0,5-Potential2
V —— 0,5-Potential3
—— 0,5-Potential4

E [mV/PY]

-600

-700

-800
0 10 20 30 40 50 60 70 80 90 100

t[h]

Figure 4.39: Potential time curve measured in 10 ppm CI'— 0.5 mm crevice

The potential-time-curve for 0.5 mm crevice size shows no stable behaviour during
the whole measurement. Here, the average potential of about -40 mV is taken. The
reason for this could be that 0.1 mm represents more severe crevice gap than 0.5
mm. Due to a very low aggressiveness of 10 ppm CI" solution, no crevice corrosion
was noticed on specimen’s surfaces after optical microscopy. Furthermore, different
aeration cells were built during measurement. Likewise, it was found that the
potential for the outer electrode is 25 mV nobler than inside the crevice. The
difference was lower in a bigger crevice as compared to the tight crevice. No pitting
corrosion attack was found inside the crevice because of less aggressiveness of the
electrolyte.
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4.2.5 Potentiodynamic Polarization Measurements
4.2.5.1 Influence of Temperature

The influence of temperature on corrosion was studied for both material grades.
Results of electrochemical measurements of 1.4509 are shown in figure 4.40. For
every treatment two measurements were done to check the reproducibility. Materials
after every heat treatment were passive and showed a pronounced passive range in
the current test solution of synthetic condensate at room temperature with aeration.
The samples were heat treated at different temperatures for 10h hours. 1X10
presents continuous heating for 10 hours. After different heat treatments both
stainless steels show a pronounced but shorter passive range than the as received
condition. Epit was not pronounced and deflection point was not visible in curves. A
point 102 mA/cm? was defined as a reference point to measure the correspondent
potential in every measurement. This method to give Eyi is commonly used by
various steel suppliers. Grade 1.4509 exhibited a pitting potential of 110 mV and
grade 1.4301 had a significant higher pitting potential of 105 mV as in received form.

1,E+01 -

1,E+00

1,E-01
~
<
£
S 1,E-02
<<
£ — As Received Condition
"E 1,E-03 1 —1X10-300°C
g — 1X10-400°C
2 1x10-500°C
§ 1.E04 — 1x10-600°C
5
(8]

1,E-05

1,E-06 |

1,E-07 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

-1000 -800 -600 -400 -200 0 200 400 600

Potential [mV]

Figure 4.40: Potentiodynamic curves of differently sensitized 1.4509 in synthetic condensate
with aeration at RT
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Figure 4.41: Potentiodynamic curves of differently sensitized 1.4301 in synthetic condensate

with aeration at RT

In figures 4.40 and 4.41, it was found that in both grades, higher the sensitization

temperature, less noble is OCP and lower is E,i At sensitization temperature of

600°C, both grades showed no hysteresis in their current-potential curves. Thus, only

uniform corrosion has happened and no pitting corrosion was found.

Table 4.2: Corrosion parameters obtained from the potentiodynamic curves of 1.4509

1.4509 As- 1X10- 1X10- 1X10- 1X10-
’ Received 300°C 400°C 500°C 600°C
OCP [mVscg] -99 -130 -203 -283 -526
Epi
(at O.01mA/cm2) 110 71 -44 -57 -130
[MVsce]
ERepass [MVscel -105 -99 -150 -220 -170
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Table 4.3: Corrosion parameters obtained from the potentiodynamic curves of 1.4301

1.4301 As- 1X10- 1X10- 1X10- 1X10-
' Received | 300°C 400°C 500°C 600°C
OCP [mVisce] -87 -46 -67 -90 -369
EPit
(at 0.01mA/cm?) 105 78 73 24 -43
[MVsce]
ERepass [MVsce] -8 -10 -27 -58 -2

From table 4.2 and 4.3, it can be concluded that the pitting potential decreases with
the heat treatment temperature in both tested grades. The temperature also narrows

the passivity region.

Treatment 1.4509 1.4301

As Received

300°C

400°C

500°C

600°C

Figure 4.42: Overview of samples after electrochemical test, 600°C samples

showing uniform corrosion
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4.2.5.2 Influence of Different Heating Procedures

The polarization measurements have confirmed that the corrosion properties of both
grades drastically decreased at high temperatures. 10X1 means sensitization
treatment for 10 hours but with additional cooling cycles. 1X10 is a continuous heat
treatment for 10 hours without any cooling breaks. In tables 4.4 and 4.5, it can be
seen that the grade 1.4301 is more susceptible to corrosion when treated with cyclic
heating with additional cooling intervals. Results of electrochemical measurements
are shown in figure 4.43-4.46.

1,E+01 1
1,E+00 -
1,E-01 4 /

— As-Received
1,E-02
—1X10-500°C

1,E-03 —10X1-500°C

1,E-04 1

- [H)

1,E-06 1

Current density [mA/cm~2]

1,E-07 T T T T T T T T T !
-500 -400 -300 -200 -100 0 100 200 300 400 500
Potential [mv]

Figure 4.43: Potentiodynamic curves of continually heated (1X10) and periodically heated
(10X1) 1.4509 at 500°C, testing in synthetic condensate with aeration at RT
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Figure 4.44: Potentiodynamic curves of continually heated (1X10) and periodically heated
(10X1) 1.4301 at 500°C, testing in synthetic condensate with aeration at RT
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Figure 4.45: Potentiodynamic curves of continually heated (1X10) and periodically heated
(10X1) 1.4509 at 600°C, testing in synthetic condensate with aeration at RT
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Figure 4.46: Potentiodynamic curves of continually heated (1X10) and periodically heated
(10X1) 1.4301 at 600°C, testing in synthetic condensate with aeration at RT

Table 4.4: Corrosion parameters obtained from the potentiodynamic curves of 1.4509

1.4509 As- 1X10- 10X1- 1X10- 10X1-
) Received 500°C 500°C 600°C 600°C
OCP [mVsce] -99 -283 -195 -526 -494
Epit
(at 0.01mA/cm?) 280 -60 -67 -60 10
[MVsce]
Erepass [MVscel -105 -220 -180 -170 -107

Table 4.5: Corrosion parameters obtained from the potentiodynamic curves of 1.4301

1.4301 As- 1X10- 10X1- 1X10- 10X1-
’ Received 500°C 500°C 600°C 600°C
OCP [mVsce] -87 -90 -301 -369 -392
Epit
(at 0.01mA/cm?) 320 3 20 S -30
[MVsce]
ERepass [MVscel -8 -58 -50 -2 -30

-102-



Muhammad Yasir Results

4.3 Internal Corrosion

4.3.1 Dip and Dry Test

The whole test was applied until 5 cycles. After cycles 2, 3, 4 and 5 one sample from
each grade and crevice size was taken out from the chamber. Corrosion products
were removed and corrosion attack was quantified. Figure 4.47 shows visual
appearance of 1.4509 steel with different crevice sizes. Crevices with sizes 0.1 mm,
0.3 mm and 0.5 mm tended to have more severe corrosion in the opening (crevice
mouth) than at the bottom, whereas crevice with a size of 0.1 mm and 1.0 mm hardly
developed any corrosion. This is probably an indication that the medium becomes

more aggressive as water evaporates.

0.1 mm 0.3 mm

o

Ll A

0.5 mm

JE AR

Figure 4.47: Overview of crevice samples grade 1.4509 after dip and dry test
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Visual examination of the exposed samples after cleaning and drying revealed the
evidence of corrosive attack. Some pits were observed in both materials and
crevices. The quantification of corrosion attack on samples was done by measuring
the pit depths with the help of X-ray radiography. From figure 4.48, it can be
concluded, that 1.0 mm crevice results in the lowest rate of corrosion in both
materials. The crevice width with 1.0 mm had the largest crevice size and it can be
stated that larger the crevice better the protection against crevice corrosion. For the
other crevice sizes i.e. 0.3 mm and 0.5 mm no real ranking could be made. It can be
concluded that when the width of the crevice is large, the oxygen transfer will take
place completely inside of the crevice, which results in no formation of concentration
difference. The point, critical crevice solution does not reach and hence crevice

corrosion does not occur.

0,3
0,25 -
0,2 01
mQ3
0,15 -
0,5
0,1 | =1
0,05
0

1.4301 1.4509

Figure 4.48: Average pit depth measurements pm in 0.1, 0.3, 0.5 and 1.0 mm after 3 cycles

4.4 Component Testing

The objective of this study was to develop a type of testing procedure that could
determine the combined effect of salt corrosion, condensate corrosion and high
temperature corrosion. Corrosion resistance of different materials and designs were
studied in this research. A comparative study was performed between field systems
and test systems to establish a relation for the life time calculation.
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After completion of the corrosion rig, the first task was to set parameters for a test
which could simulate the real conditions in a normal routine. Initially, some trial tests
were done to optimize the testing conditions. Parts from same vehicle having same
material and design were chosen for these studies. A direct comparison was made
between parts from the field and tested parts. The optical comparison was made at
the first stage and afterwards pit depth measurements were done on samples from
the same positions. The external appearance of both systems showed a good relation
as shown in figure 4.49. The maximum corrosion attack was found on the same
positions in the tested system like the field parts. In figure 4.49 the corrosion attack from
inside can also observed. The corrosion initiation points were exactly the same as
observed in the field.

System Quter View Inner View

CR
Tested Part

Field 1
54878 Km
6.3 Years
8665 Km/a

Field 2
52825 Km
5.0 Years

10392 Km/a
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Field 3
28738 Km
4.8 Years
6050 Km/a

Field 4
51135 Km
4.7 Years

10958 Km/a

Field 5
50026 Km
4.4 Years

11327 Km/a

Field 6
24081 Km
3.7 Years
6568 Km/a

Figure 4.49: Comparison of different field and tested system

Some examples of pit depth measurements from same positions for all field mufflers and
tested muffler are shown in figures 4.50-4.53. The upper error bar represents the
deepest pit and the lower error bar represents the smallest pit depth. The rhombus
represents the average values. Likewise, the field systems were separated into different
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categories according their total life. The average kilometres per year were plotted
against pit depth measurements. Field studies have revealed a bit scattered results for
investigated systems. There was no clear relation found between corrosion progresses
over a passage of time or a mileage. Even some other authors have proposed this effect
which depends on various other influencing factors in real life like driving profile, region,
cleaning and maintenance etc. [99]. The results are compared in terms of external
corrosion and internal corrosion. The average pit depth results of tested systems and
field system are plotted. For external corrosion, it was found that the depth of
corrosion attack was relatively less in tested system, whereas it was more in field
systems. Two examples for external corrosion i.e. outlet plate and outer sheet are

given in figures 4.50 and 4.51.

500 ~
450 +

400 - [
350 4
300 - { 4.5-5 Years
250 - U +3-3.5 Years
200 + 1 + Corrosion Rig System
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100 | &
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Figure 4.50: Pit depth results of end plate on inlet, representing external corrosion
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Figure 4.51: Pit depth results of end plate on outlet, representing external corrosion
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The results of internal corrosion have revealed the fact that the pitting corrosion in
tested and field systems is almost on the same level. The results from two inner

baffles are shown in figures 4.52 and 4.53.
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Figure 4.52: Pit depth results of inner baffler near to inlet, representing internal corrosion
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Figure 4.53: Pit depth results of inner baffler near to outlet, representing internal corrosion

In a nutshell, the optical appearance of the muffler after test was quite similar to the
actual parts. The aggressive corrosion attack was found on the same positions in the
test compared to the field parts. Some deformation on the inner sheet was also found in
both cases. The results after corrosion quantification especially regarding internal

corrosion also show a good relationship between both samples. Finally, it can be
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concluded that with the help of this test both material and design can be validated for a
component.

Furthermore, some corrosion products were collected from the tested mufflers from the
corrosion rig. These reaction products were analyzed with the help of an X-ray powder
diffraction method. Diffractograms are shown in figures 4.54 and 4.55. X-ray diffraction
analysis showed that the corrosion products predominantly contained phases like
magnetite (FesO,4), hematite (Fe>Os) and lepidocrocite (a-FeEOOH). Some corrosion
products were also collected from different mufflers. X-ray diffraction analysis
showed that the corrosion products predominantly contained phases like magnetite
(FesO4), hematite (Fe2Os) and goethite (y-FeOOH). It was confirmed during this study
that in the field samples, presence of goethite instead of lepidocrocite was found. The
phase lepidocrocite is usually formed in the early stages of atmospheric corrosion but as
the exposure time increase it is transformed into goethite. [151, 152] Other phase which

was found in field sample was magnetite.
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Figure 4.54: XRD spectra of a sample from test
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Figure 4.55: XRD spectra of a sample from field

4.5 Tests to Determine Degree of Sensitization

4.5.1 Streicher Test

Susceptibility to intergranular corrosion after various heat treatments of both grades
was examined by using this testing method. Finally, the results were compared in
terms of mass loss and micro-structural changes. During Streicher test amount of
corrosive attack is determined by quantity of dissolved volume of chromium depleted
zones as well as by the amount of dropped grains. The higher the sensitization of the
specimen the higher the amount of dropped grains and therefore higher is the
amount of dissolved volume. The results of mass loss of both grades as in received
condition and sensitized by two different ways at 500°C for 10 hours are shown in
figure 4.56. As determined by means of Streicher test and scanning electron
microscopy, susceptibility to intergranular corrosion increased with higher
sensitization temperatures. Furthermore, it can also be concluded that the corrosion
rate of step annealed 1.4301 samples increased during the Streicher test whereas in
1.4509 a very small difference was observed.
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Figure 4.56: Mass loss after Streicher test, as received and 500°C treated samples

Figure 4.57 shows results of mass loss of samples treated at 600°C. The highest
corrosion rate was measured after sensitization at 10X1-600°C for 1.4301. Samples
were completely dissolved in a medium during all performed tests. The dissolved
volume as well as the depth of the attack is clearly highest after sensitization at 600
°C. This is also in confirmation with figures 4.58 and 4.59.
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Figure 4.57: Mass loss after Streicher test, as received and 600°C treated samples, black

bar representing complete mass loss
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Figure 4.58: Microstructural characterization after Streicher test, grade 1.4509 after various

heat treatments
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Figure 4.59: Microstructural characterization after Streicher test, grade 1.4301 after various
heat treatments
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4.5.2 Strauss Test

After exposure in a solution, the specimens were bent through 180°. These bent
specimens were examined under scanning electron microscopy. Like Streicher test,
no material sensitization was found in both materials until 500°C treatment. As it was
found in previous results, 1.4509 showed some pitting corrosion attack in the
positions where free standing Ti and Nb precipitates were present in the matrix. The
results are given in figures 4.60 and 4.61.

Grade
1.4509

2000 x

500°C
1X10

500°C
10X1

600°C
1X10

600°C
10X1

Figure 4.60: Microstructural characterization after Strauss test, grade 1.4509 after various
heat treatments
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Figure 4.61: Microstructural characterization after Strauss test, grade 1.4301 after various
heat treatments
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5. Discussion

5.1 Summary of Results

The results obtained after all investigations are summarized as following:

1.

10.

Although having a same PREN, studied grades showed different corrosion

behaviour in different testing methods.

The oxidation resistance and resistance to sensitization of 1.4509 was better
than 1.4301 (1.4509 > 1.4301).

It was observed that during all oxidation treatments no material sensitization

was found in both grades up to the temperature of 500 °C.

At temperatures higher than 500°C chromium carbide precipitation along grain
boundary was only found in 1.4301.

The grade 1.4509 showed ruptures and discontinuities on the surface during

cyclic oxidation tests. These sites were found enriched in niobium and titanium.

It was found that all the modified VDA salt spray tests showed high rate of
corrosion as compared to the standard VDA test. The wet corrosion resistance
of 1.4301 was found better than 1.4509 (1.4301 > 1.4509).

Ferric chloride immersion tests and dip and dry tests revealed the fact that the

biggest crevice showed the minimum amount of crevice corrosion.

With the help of potential measurements in different crevice assemblies, it was
found that this method, crevice corrosion behaviour in different widths can be
studied.

It was found that with the help of electrochemical measurements, potential
difference in different crevice sizes can be measured. This potential difference is
an indicator of oxygenated and deoxygenated areas. The results showed that in
smaller crevice width i.e. 0.1 mm, the potential difference between outer and

inner electrodes was more prominent.

In potentiodynamic polarization measurements, it was observed that 1.4301
grade showed no passive range after 600 °C treatment. No pitting corrosion was

found. Corrosion attack was uniform.
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11. Based on different test results, following ranking can be made:
= Oxidation and Sensitization Tests: 1.4509 > 1.4301
» Aqueous Corrosion Tests: 1.4301 > 1.4509

12. The results of new component testing method showed a good agreement with
the field analysis results. This test would be very helpful for validation of material

and design combinations.
5.2 Role of PREN in Material Selection

As mentioned in earlier sections, in most of the cases material selection in
automotive exhaust industry is done on the basis of PREN. The PREN value of
1.4509 is slightly higher than that of 1.4301. It is generally agreed that, alloys with
higher PREN should exhibit greater resistance to pitting corrosion [8-13]. The higher
the PREN value the better the pitting resistance. However, in PREN only the effect of
chromium, molybdenum and nitrogen is considered.

Table 5.1: Studied materials with their PREN

Material PREN
1.4509 17.9
1.4301 17.6

PREN=%Cr+3.3*% Mo+ 16 *% N
In figure 5.1 some commonly used grades are given according to their PREN and
alloy surcharge which is dependent on their alloying elements. The two different points
for each grade represent the minimum and maximum possible value of PREN for each
grade. It was found that the alloy surcharge is directly proportional to the material
performance. Likewise, ferritic stainless steels have the lowest surcharge then come
molybdenum stabilized ferritic stainless steels and the highest surcharge belongs to
the austenitic stainless steels because of their nickel content. Surprisingly, if these
alloys are ranked according to their PREN then some ferritic grades e.g. 1.4509 and
1.4510 lie in the same category with austenitic grades like 1.4301 and 1.4541. The
cost of ferritic stainless steels is lower than austenitic ones because of the absence
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of nickel alloying content. If the grades have almost same PREN values then
definitely a normal user will choose the cost saving option i.e. ferritic stainless steel.
During this study it was found that these two materials behave differently in different
environments and conditions. Hence, selection on the basis of PREN is not ideal and
suitable for this case. The outcome of this study has revealed the often ignored fact
that the PREN concept is only a rough estimator and should not be used uncritically.

2500 - P

Austenitic alloys

2000 +

1500 +

1000 4

1.4509 __1.4607

— 1.4510
1.4512 D—

500 | E=———2— Ferritic alloys

Current Alloy surcharge €/ton (Status May 2011)

10 12 14 16 18 20 22 24 26 28 30
PREN = %Cr + 3.3x%Mo + 16x%N

Figure 5.1: Alloy surcharge and PREN for some alloys used in automotive exhaust

components

However, there is a considerable amount of uncertainty regarding the usage of
PREN factor as a criterion in the selection of materials for wide range of
temperatures and aggressive corrosion environments. Stainless steel grades are
used in numerous applications above room temperature and different corrosive
environments, so the criterion for selection of materials on the basis of PREN sounds
inappropriate. In summary, this study shows that PREN is not a sufficient measure to

rank stainless steels with regards to their corrosion resistant properties.

-118-



Muhammad Yasir Conclusions

5.3 Role of Material Sensitization

Both effects, of sensitization time and temperature, could be explained by the relation
between carbide precipitation and chromium diffusion from the bulk grain to the grain
boundary. Several authors have found by examining concentration profiles with high
resolution techniques that after annealing at high temperatures and/or after longer
times the degree of sensitization could be smaller due to chromium and/or
molybdenum depletion from the bulk material to the grain boundaries [153-155].
During this study, it was found that there is no issue of material sensitization till
500°C in both grades. All tests have confirmed these results. The grade 1.4509 also
showed no chromium carbide precipitation at temperatures above than 500°C. After
heating at temperature of 800°C for 100 hours, 1.4509 showed niobium and titanium
carbides along grain boundaries but 1.4301 showed lot of chromium carbide
precipitation along the grain boundaries. The results of Streicher test have also
revealed the fact that grade 1.4301 is susceptible to intergranular corrosion at
temperatures above than 500°C. During continuous oxidation tests, 1.4509 has
performed better than the 1.4301. Some discrete areas of spalling and blistering
occurred on the surface of the 1.4301 at temperatures higher than 500°C. 1.4509 has
a low coefficient of thermal expansion which supports to reduce spalling or flake
formation on surface. On the other hand, 1.4301 has high thermal expansion
coefficient which makes them prone to high temperature corrosion. The other reason
is that 1.4509 is a stabilized grade with niobium and titanium. Titanium and niobium
have low free energies of formation when combined with carbon which prevents the

formation of chromium carbides.

Table 5.2: Materials and their thermal expansion coefficients

Mean Coefficient of Thermal Expansion

61
Material (10°K")
20°C/200°C 20°C/400°C
1.4509 10.0 10.5
1.4301 16.5 17.5
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The temperature range at which sensitization occurs and the kinetics of the process
are significantly different from in both ferritic and austenitic stainless steels, as
indicated schematically in figure 5.2. Sensitization occurs more rapidly in ferritics. It's
because of differing properties of ferrite, as compared to austenite. Nitrogen has little
effect in austenitic stainless steels because of high solubility. However, nitrogen and
carbon has much lower solubility in ferrite and must be considered in the ferritic
stainless steels. In austenitic stainless steels the diffusion coefficient for carbon and
nitrogen are low as compared to ferritics. Because of the low solubility of interstitials
in ferrite, the ferritic stainless steels sensitize much more rapidly and also at lower

temperatures, as shown in figure 5.2.

Austenitic stainless stee

Ferritic stainless steel

600 |-

500 -

TEMPERATURE (C*)

300 |

| | ] | ]
102 107 100 10! 10° 10° 10*
TIME (s)

Figure 5.2: Differences in the location of time-temperature-sensitization curves of austenitic
and ferritic steels of equivalent chromium content [156]

During this research it was found that the grade 1.4301 (austenitic) was more
susceptible to intergranular corrosion as compared to grade 1.4509 (ferritic). Results
of sensitization treatments (section 4.2) showed precipitation of chromium carbides
along grain boundaries at 800°C for 100 hours annealed samples of 1.4301. In grade
1.4509 no chromium carbide precipitation was found along grain boundaries. Only
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niobium and titanium carbides were observed in 1.4509. The results of Streicher and
Strauss tests also showed high rate of grain dropping in 1.4301 treated at 600°C
(section 4.2). The reason for the low rate of sensitization in 1.4509 is associated with
the effect of additional stabilizing elements (niobium and titanium). These elements
combine with carbon and nitrogen and do not allow carbon and nitrogen to precipitate
as carbides and nitrides which lead to intergranular corrosion.

5.4 External Corrosion

It was found that all the modified VDA salt spray tests showed high rate of corrosion
when compared to the standard VDA 621-415 test. In the VDA 621-415 test, both
grades performed very well but as soon as the additional heating cycles were applied
corrosion becomes more prominent. Pitting corrosion was observed in early stages of
the tests. The appearance of the corrosion attack was quite similar to the appearance
of parts in the field. Modified test cycles have brought this test closer to the actual
problem. Type 1.4301 showed better corrosion resistance against pitting corrosion in
wet external corrosion tests. In all modified VDA salt spray tests grade 1.4301
performed better than 1.4509. It was found that grade 1.4301 has better wet
corrosion resistance as compared to dry corrosion. On the basis of this work, method
D was selected as an appropriate method because it’'s more close to the actual issue
and also more moderate when compared to heating with longer humid cycles. One
can distinguish the change in material behaviour after different stages.

From this study, it can also be concluded that modified salt spray tests are not the
appropriate testing methods to simulate the crevice corrosion behaviour between two
sample sheets. The problem with this test method is that the electrolyte is applied
only in a form of salt spray and does not reach to the crevices properly. Only little
corrosion can be observed on crevice mouths. Therefore, due to improper access of
medium inside the gap, larger area of the crevice remains almost dry from inside.
This leads to different conditions inside the crevice. Thus, different conditions for

every specimen lead to non uniform results.
5.5 Internal Corrosion

For simulation of internal corrosion i.e. condensate corrosion a unique testing setup
called dip and dry test was built in the initial phase of the project. Experiments were

performed with a synthetic condensate having a pH value of 3.4. The cycles and
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medium of this test is different because these tests are related to the corrosion
problem inside the muffler. During vehicle operation, condensate forms in the cold
end and results in pitting corrosion due to its acidic nature. Like salt spray tests, the
grade 1.4301 again showed better corrosion resistance against pitting corrosion in
these tests. The 1.4301 is known to be superior grade in condensate conditions and
the results of this investigation agreed with this. This trend was also found by other
researchers [82-84]. This validates the credibility of the developed tests for internal
corrosion of the cold end components. The tests done on different crevice samples
also showed reliable results. Due to capillary action, penetration of electrolyte takes
place in the crevice gap which is not possible in salt spray tests. It was found that the
smaller crevice width i.e. 0.1 mm was the most critical whereas crevice with 1.0 mm

showed least amount of corrosion.
5.6 Component Testing

For an accelerated corrosion test to be truly useful, a prime requirement is that the
results should correlate with performance in the real world. This is something that has
never been demonstrated with all the common routine tests. One aim of this work was
also to develop and optimize a new corrosion testing method for exhaust silencers. The
tests were carried out in different artificial conditions. A comparative study on the tested
and real parts was performed. Obtained results indicate that the test conditions were
very close to the real life conditons. A good agreement was found between tested and
real parts. The initial results have confirmed that with the help of this testing method, a
life time estimation of the component is possible.

Obtained results showed corrosion attack on same positions like in the field systems. A
good agreement in terms of optical appearances was found between tested and real
parts. After quantification of pit depths, it was noticed that external corrosion attack in
tested part was relatively less as compared to the parts obtained from field. One has to
keep in mind that there are some other influencing factors like air flow during normal
driving cycle which completely dries the system from outside. In corrosion rig, complete
dryness of part by applying air from outside is not possible. Due to this, a tested part will
not dry completely in a chamber. Internal corrosion which was achieved during this test

is in a range of field systems.

-122-



Muhammad Yasir Conclusions

6. Conclusions

The basic conclusions that can be drawn from this investigation are the following:

1. The criterion of PREN should not be used any more for material selection. As the
role of nickel is totally neglected in this formula thus making it completely
inappropriate for comparison of ferritic and austenitic stainless steels.

2. The standard VDA 621-415 salt spray test should not be used to simulate the
corrosion in exhaust components. This testing method is not suitable because the
conditions in real environment have additional high temperature cycles.

3. Among all applied modified VDA tests, method D would be proposed as the
method which is more relevant to the actual problem. The cyclic combinations are
closest to the real world. It's mild and the results have shown a good agreement
with field results.

4. After continuous oxidation test, it was found that both studied grades showed no
material sensitization until 500°C. This temperature is the maximum possible
temperature in exhaust mufflers.

5. The stabilized 1.4509 stainless steel showed lots of defects in form of some
niobium and titanium precipitates on the surface. These irregular openings were
found directly in the matrix. Later a corrosion indicator test confirmed these
irregularities as the corrosion initiation sites.

6. It can be concluded that salt spray test method is not an appropriate method for
crevice corrosion studies. The absence or insufficient intrusion of electrolyte in the
crevice gap does not make possible to study the crevice corrosion mechanism.

7. Ferric chloride immersion tests and dip dry tests were proved reliable testing
methods for crevice corrosion studies. Tighter crevices showed more corrosion
while bigger crevices were only slightly affected. In both tests, the minimum
corrosion attack was found in crevice gap of 1.0 mm.

8. Furthermore, electrochemical tests performed in different crevices showed that
potential difference between outer and inner electrode in tighter crevice was high.
In bigger crevices where convection can easily takes place, less potential
difference was noticed.

9. From all crevice corrosion test results, it can be concluded that this phenomenon
occurs rapidly and aggressively in tighter crevices. It can also be said that tighter
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crevices induce higher potential gradients between external surfaces and crevice
regions causing dissolution of passive films and rapid corrosion propagation
rates.

10.The Streicher and Strauss tests have also confirmed the absence of material
sensitization until 500°C treated samples from both studied stainless steels.

11. Potentiodynamic polarization measurements showed passive ranges for both
grades till 500°C treatment. Likewise, 1.4301 reduces its corrosion resistance
behaviour drastically at 600°C treatments.

12.The TOF-SIMS depth profile analysis of as received and heated specimens have
also confirmed that the thickness of passive layer was predominantly more in heat
treated specimen.

13.The initial corrosion rig tests and a comparison study between field parts have
revealed the fact that this component testing technique would be of a great help
to understand the influence of different materials and design combinations on

corrosion.

-124-



Muhammad Yasir Outlook

7. Outlook

The work presented here is a good start to establish suitable testing methods for

different scenarios in exhaust components, understanding the crevice corrosion

phenomenon, and also behaviour of materials with different heating cycles in
automotive exhaust applications. Based on the experimental challenges encountered
in the course of this work, the following recommendations are made for future work:

1. The only electrochemical measurement method to simulate crevice corrosion
used in this research was open-circuit potential measurement. For future study,
some other techniques such as electrochemical impedance spectroscopy and
electrochemical noise will aid in understanding this phenomenon to a deeper
extent.

2. A method should be designed to measure the pH value inside the crevice which
will help in understanding the mechanism.

3. The effect of increased temperature on the onset and extent of severity of the
localized attack at the different locations in the crevice should be studied, for
comparison with the results obtained at room temperature.

4. Time of exposure should be increased for wider crevice width to have an idea of
the length of time required for wider gaps to undergo active corrosion.

5. Some other sophisticated microscopic techniques should be used to determine
the properties of passive film at the different locations along the crevice, and
electrochemical changes that occur on the surface of stainless steels during the
induction and propagation phases of crevice corrosion.

6. Some potential measurements should be done on different sections of the muffler
in the corrosion rig. The information about influence of different testing cycles on

corrosion would be monitored online in this component test.
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