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Abstract

Stainless steels are extensively used materials with corrosion resistant properties assigned
to the formation of the chromium rich corundum type oxide that forms. However, as the
primary protection are damaged stainless steel can suffer from breakaway corrosion
which may happen if introducing K>COs3. In addition to chromium, nickel plays a
significant role in the aspect of corrosion resistance since it promotes face-centred cubic
structure which improves preferable properties such as it becomes less brittle and the
formability as well as the weldability improves. Besides, nickel addition compensates for
the loss of toughness that results when adding chromium. One disadvantage with using
nickel is that it is expensive, making it interesting to investigate whether higher levels of
nickel is necessary.

This present work focuses on how mass-gain changes as the nickel content increases. A
set of Fel8Cr- model alloys with varying nickel addition between 0-82wt% were
examined. All samples were exposed for 168 h in 600°C in dry condition (5% O, bal. N»)
in a horizontal tube furnace. SEM and EDX analyses were performed on all alloys.
Results were compared with a study limited to examine the secondary protection where 1
mg/cm? K2CO3 were sprayed on all samples but exposed under the same conditions as in
this work. Another study made on the same set of alloys, known as TEAMWORK,
exposed the samples for 24 h resulting in comparison focused on the effect of exposure
time.

As the nickel content reached 20wt% mass-gain increased notably and reached its highest
for the alloy containing 34wt% Ni indicating that the stainless properties were lost.
Looking at the results from this work along with the related studies indicate that the
amount of nickel necessary to maintain the stainless corrosion properties differs
depending on if the material is in the primary or secondary corrosion regime.

Keywords: Fel8Cr-alloys, Nickel, primary protection, horizontal tube furnace, mass-
gain.
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Introduction

Metal alloys are used in a wide range of applications in various environmental conditions,
yet all suffer from corrosion affecting the alloys negatively. For high temperature
applications the usage of alloying elements such as chromium and nickel are of great
importance for iron-based alloys. These elements are added with purpose of improving its
mechanical properties as well as the corrosion resistance, and small adjustments in the
composition can have major influence. The corrosion resistance is primarily assigned to the
ability to form protective chromium rich corundum type oxide scales and the material group is
commonly referred to as chromia forming alloys. The protective oxide layers act as a diffusion
barrier between the metal and the oxidizing environment, slowing down the oxidation rate. In
relatively mild environments these oxide scales act protective, designating the primary
protection. However, as the environment turns harsher the protective oxide scales may break
down by depletion of chromium, causing so-called breakaway corrosion. The breakdown of the
chromium rich oxide will result in the formation of a less protective iron rich oxide, referred to
as the secondary protection. The secondary protection of so called chromia forming alloys has
not been investigated in the same extent as the primary protection and the influence of different
alloying elements for the secondary protection behaviour is not very well understood. Since
nickel is an expensive alloying element it is of interest to investigate whether high levels are
necessary from a corrosion perspective. An increased understanding of how the primary
protection is affected by addition of nickel at mild conditions, compared to how the same alloys
behave in harsher environments is necessary to gain an overall understanding of what influence
that the commonly used alloying element has. This is why this study is focused on investigating
the influence of nickel, on the primary protection of mainly Fe-18Cr alloys. The results will be
later compared to the secondary protection behaviour.

1.1 Background

Nickel consisting alloys are often found in food contact materials, process powerplants and
architecture due to the ease of cleaning, maintenance of hygiene as well as for its overall
strength and contribution to the corrosion resistance. Approximately 75% of the stainless steel
grades produced consists of nickel as a consequence for decreased toughness caused by
chromium addition, nickel is added to compensate.(1) The Nickel Institute claims that even
though chromium is the element contributing with the “stainless”-properties it is the additional
nickel that enables stainless steel to become such a versatile alloy. This results from the fact
that nickel in addition to its inherent corrosion resistance are easy to form and weld, they remain
ductile at low temperatures and yet are useful for high temperature applications. For example,
nickel-based super alloys play a vital role in engineering applications at high temperatures. The
development of these alloys involves additional chromium, aluminium, cobolt, molybdenum,
iron along others to achieve high strength and better oxidation and corrosion resistance. Turbine
components facing aggressive corrosion environments are typically made of nickel-based super
alloys. (2)

A great amount of previous studies has been made focusing on the influence that different
alloying element has, but also how different materials behave in various environments. These
are often executed in presence of either water vapour and/or Cl-ions, but also in milder



conditions, e.g. dry 5%0., as a reference. For 304L in environments with water vapour + O2
chromium evaporation can occur, which is indicated by a mass-loss. In comparison, dry
condition exposures result in mass-gain and chromium rich oxide formation. (3) For Sanicro
28, that is a highly alloyed steel (35Fe27Cr31Ni), evaporation of chromium has also been
observed in similar environment. However, due to the high Cr/Fe ratio formation of a rapidly
growing iron-rich oxide is avoided.(4)

A study published in 2012 compared potassium chloride and potassium carbonate with
respect to their tendency to cause corrosion of stainless 304L. Three temperatures were used;
500, 550 and 600 degrees Celsius in both dried air and air consisting of 30% water for 168h.
As a reference samples without additional salts were also included in the study. Both salts
were found to be corrosive regardless of the surrounding environment, and similarities in the
formed oxide were observed. The outermost iron oxide layer followed by a region consisting
of chromium, iron and nickel and closest to the bulk material a nickel-rich region appeared.
However, the oxide thickness varied between the salts as well as the atmosphere were found
to play a significant role when comparing the growth within one type of salt. This may result
due to that presence of water at 400 degrees Celsius or above is known to destroy the
protective chromium oxide layer without any other corrosive compounds present. For the
sample without additional salt exposed in dry air no oxidation was detected, and the formed
oxide layer upon the surface were too thin to detect with SEM as well as for EDX analyses.
However, the exposure at 600 degrees Celsius in wet condition gave rise to formation of an
oxide layer (8-16 pm) enriched with chromium and nickel indicating that the oxide had not
lost its protective properties. Depletion of chromium though evaporation, converting the oxide
into an iron-rich nonprotective oxide was not detected, which could be due to shorter
exposure times or lower water content then used in similar studies reported. (5)

1.2 Aim

In this study the effect of nickel addition on corrosion will be investigated by performing
exposures on a set of Fe-base model alloys containing 18 wt% Cr. The exposures will be
performed in dry conditions (5% Oz, N2) in a horizontal tube furnace in 600 C to study the
primary protection through mass gain. The aim is to increase the understanding of how
addition of nickel influences the primary protection in 18%Cr-containing alloys. This is of
great importance since nickel is an expensive alloying element.

1.3 Limitations

This study will not investigate the secondary protection. The analytical work will be limited
since this is a mass gain study, and some analysis will only be done on representative samples
and/or samples of interest. SEM, EDX and using bare eyes in order to look for differences in
colour appearance of the oxides are methods that will be used in various extent. This work is
limited to investigate the following alloys: Fe18Cr, Fel8Cr2Ni, Fel8Cr5Ni, Fel8Cr10Nj,
Fel8Cr20Ni, Fel18Cr34Ni, 18Cr82Ni.
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Materials

Metals has a wide range of application areas, each with properties that needs to be considered
and prioritized. Due to economic aspects and performance requirements usage of alloys
instead of pure metals often are preferred since it both lowers the costs and at the same time
retains favoured properties, or even improve them. There are endless amounts of different
alloys out on the market, and when choosing one for a specific application life-time and
performance along with the price is of major importance, since it could be pricy to invest in
an alloy with better properties then necessary. One commonly used type of steel is the
stainless steels which will be presented in this chapter.

2.1 Stainless steel

Stainless steels are commonly used iron-based alloys with many application areas, example of
application areas are chemical processing industries, power generation, food production as well
as for kitchenware, or toolware just to name a few. One reason for the many applications is that
stainless steels (12 wt%<Cr<25wt%)(6) classifies as a corrosive resistant material with
mechanical preferable properties(6). Stainless steels are divided into groups with respect to their
crystal structure. They can either be austenitic, ferritic or martensitic, but also duplex which
refers to a mixture of ferritic (40-55%) and austenitic (bal.) structure. Most common is the
austinite, with its face-centred cubic structure (FCC), followed by ferrite that has a body-centred
cubic structure (BCC). Besides, stainless steels are divided into grades, where the 300-serie
(FeCrNi-alloys) is the widest used austenitic steels. In addition to iron, chromium and nickel is
two alloying elements added to especially austenitic stainless steels in various amounts.
Properties of these elements are discussed more thorough later in this work (see 2.2 Alloying
elements). In order to achieve a fully austenitic stainless steel a minimum of 18 wt% Cr and 8
wt% Ni is required while ferritic (a-Fe) steels contain little to no nickel. Austinite (y-Fe) is most
often preferable to use since it is less brittle, have better corrosion resistance, formability and
weldability in comparison to ferritic steels. However, depending on the requirements for the
specific application an austenitic steel may not be necessary. This makes it interesting to
investigate whether greater levels of nickel rise the price more than it contributes to
improvement of the properties for the general case. As mentioned, the 300-serie are in general
the most common used alloys, where 304L (18-20 wt% Cr, 8-12 mass% Ni) and 347 (18-20
mass%, 8-10,5 mass% Ni) are two examples. (5-6) Another example of a stainless steel, that is
more extensively alloyed, is Sanicro 28 (34Fe27Cr31Ni2Mn0.7S13.5M00.02C1.0Cu).(4)

2.2 Alloying elements

Alloying elements are used to a great extent in order to increase properties for specific
applications. One reason for adding such elements are to improve the corrosion resistance,
mechanical strength but also ductility, malleable, and weldability are properties that improves
by the addition. There are plenty of different elements that could be added, each with various
outcomes in the aspect of effecting the alloy. As mentioned briefly, nickel and chromium are
two elements added to stainless steels. In this subchapter properties of these two elements will
be discussed.



2.2.1 Chromium

Chromium is giving rise to the stainless properties in stainless steels due to the formation of
chromium rich corundum type oxide scales located on the alloy surface. The oxide acts as a
diffusion barrier effecting the oxidation rate, to confer the formation levels above ~13wt% is
required. However, the exact chromium content needed to form a protective oxide is still diffuse
even though an extensive amount of studies has been carried out over the years, which makes
referred values approximate. Modification of the passivating characteristics, along with change
in phase equilibria, is possible if other additional elements are introduced.(6) Chromium is also
used for improving hardness, wear-resistance and high temperature strength. (8) Figure 1 shows
an Fe-Cr phase equilibria where at 600°C and chromium content below approximately 20% is
assigned to a ferritic phase (a-phase), while above 20% Cr the phase shifts from o+c, to pure
o, and back again to o+c. (7)

2.2.2 Nickel

Nickel is an important alloying addition in nearly 75% of stainless steels produced today. One
primary function is, as mentioned, that it stabilizes the austenitic structure, even at room
temperature and below. Nickel is known to lower ductile-to-brittle-transition temperature
(DBTT), the temperature below which the alloy becomes brittle. Besides, nickel also
contributes with significantly better high temperature strength to alloys. Addition of nickel also
promotes the stability of the protective oxide film and reduces spalling during thermal cycling.
Consequently, austenitic grades, especially 300-series, are favoured for high temperature
applications. The continuum in composition between austenitic stainless steels and nickel-based
superalloys used in the most demanding high temperature applications, such as gas turbines.
The chromium-rich oxide layer that accounts for the corrosion resistance in stainless steels is
susceptible to damage, particularly in presence of chlorides, this type of damage can lead to
localised corrosion such as pitting and crevice corrosion. Nickel is for those cases important as
it reduces the rate at which these propagates.(9)

In comparison with figure 1, figure 2 also presents an Fe-Cr-phase equilibrium but with addition
of 8 mass% Ni. What happens is that the y-loop widens significantly and thereby also the range
for austinite to form in its face-centred-cubic structure (FCC). Note that addition of nickel is
not only beneficial since it also leads to an extended sigma phase, meaning that the alloy could
lose its ductility, toughness and corrosion resistance. For commercial austenitic steels the
balance between maintained performance and minimum cost is a major concern assigned to the
nickel content since nickel is one of the most expensive alloying elements.(7)
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Figure 1 Phase equilibrium of an Fe18Cr alloy (7) Figure 2 Phase equilibrium of an Fe18Cr8Ni alloy (7)
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Oxidation of Metals

In presence of oxygen most metals are thermodynamically unstable and thereby react
spontaneously with its environment. As the reaction of oxygen and metal proceeds a
surface oxide layer starts to form which eventually will limit the contact between the metal
and the oxidizing environment. The formed oxide layer may act protective to the substrate
metal but could also thicken into a non-protective scale with various defects.

In addition to thermodynamics, knowledge of the kinetics is of major importance to
improve the understanding of the oxidation process. In short, thermodynamics state
whether oxidation is possible, and kinetics estimates the oxidation rate.

3.1 Thermodynamics

Thermodynamics is one central aspect that need to be taken into consideration when discussing
oxide formation. In order to enable spontaneous formation of an oxide the standard Gibbs free-
energy, AG°, must be negative. Gibbs free-energy could be written as equation 1

AG° = AH° — TAS® (Equation 1)

where AH® is the enthalpy, T temperature and AS® entropy in standard state. When plotting AG°
versus temperature an straight line occurs. A collection of various plots of oxidation reactions
in standard state has given rise to the diagram known as the Ellingham diagram in Figure 3,
where AH® is the axis intercept and AS° is the slope. As mentioned, negative free energy is
required in order to receive a spontaneous oxide formation and the lower the oxide reaction are
in the diagram the more negative are the standard free energy of formation which corresponds
to more stable oxides.(10) The Ellingham diagram could also be helpful when estimating
different oxide layers, if more than one forms. The oxides that are considered most stables are
also those who will occur closest into the metal.

10
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3.2 Oxide formation
Oxidation proceeds, in general terms, according to reaction 1 below
1 .
xM + 5y 0,(g) » M,0,(s) (Reaction 1)

where the metal is written as M, oxygen as O, and x and y are stochiometric constants.
Reaction 1 is only valid if it occurs spontaneously which, as mentioned above, requires the

free energy to be negative.

11



Provided that oxidation is possible for the specific case the initial step of the oxide formation
is assighed to the metal surface adsorbing oxygen, which further reduces O, to 0% ions since
the metal liberates electrons that reaches the molecular oxygen, see reaction 2 and figure 4a.
The adsorbed oxygen anions then react with the metal cations (M™") and formation of oxide
nuclei begins, as is illustrated in figure 4b. As the growth of the oxide nuclei proceeds over the
surface a thin oxide layer starts to form, see figure 4c. Reaction 2 and 3 are electrochemical
cathodic and anodic reactions respectively. The transport of ions through the oxide is
mandatory in the aspect of further growth. This transport can occur by diffusion through point
defects in the crystal lattice, but also by short-circuit diffusion located to grain-boundaries,
voids or eventual cracks in the oxide film. (10)

a) b) c)
0 (g) s b=
0:(0)  0:(8) 0: (8) 0: (e) A M,0,(s)
02 (ads) < A > € A = Oxide ——— " "

xM+ ¥ y0z(g) 2 M:0y (s)

Figure 4 An illustrative picture of a) metal surface adsorbing oxygen and liberating electrons, b) formation of oxide nuclei
and c) formation of oxide layer.

%02 +2e” - 0% (Reaction 2)

M - M™ +ne” (Reaction 3)

Metal oxides are rarely exactly stoichiometric. Usually they have excess or deficit of metal,
equivalent to a deficit and excess of oxygen. For instance, metal-deficit oxides contain M%*
cations vacancies which leaves a vacancy of relative charge -2. The diffusion occurs in the
lattice where the cations exchange with the cation vacancies. Every cation vacancy is
electrically neutralized by a pair of electron “holes”, equivalent to M3* cations having either
deficit or excess charge of +1. The electron “hole” exchanges electrons with neighbouring
normally charged cations. These types of oxides are referred to as p-type semiconductors and
could be seen schematically in figure 5. Metal-excess oxides carries the excess at interstitial
cations or oxygen anion vacancies. The interstitial cations jump from one position to another
during the diffusion, see figure 6 However, when cations are greater to size then accepted in
order to fit or are to highly charge, anions vacancies are required to form the metal-excess
structure, see figure 7. These are known as n-type oxides. (10)

12
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Figure 5 p-type deficit oxide semiconductor with cation vacancies. Created with inspiration from (10).

Figure 6 Metal excess n-type metal oxide with free electrones and intersitial metal cations. Created with inspiration from
(10).

Figure 7 Metal excess n-type oxide with anion vacancies and free electrons. Created with inspiration from (10).

Even though the formation of an oxide is successful, there are some properties that preferably
should be fulfilled. Some of the favoured properties are listed below and are cited from (10)

The film should have good adherence, to prevent flaking and spalling.

The melting point of the oxide should be high.

The oxide should have low vapour pressure to resist evaporation.

The oxide film and metal should have close to the same thermal expansion coefficients.
The film should have high temperature plasticity to accommodate differences in
specific volumes of oxide and parent metal and differences in thermal expansion

6. The film should have low electrical conductivity and low diffusion coefficients for
metal ions and oxygen.

vk wne

Beside the listed properties the film should preferably be continuous and relatively slow
growing.

13



3.3 Oxidation kinetics

When discussing oxidation kinetics of metals there are three kinetic rate laws — linear,
parabolic, and logarithmic- referred to as ideal cases, which together describes the oxidation
rates for most metals and alloys. The appearance of the different rate laws, and breakaway,
presented in weight gain versus time could be seen in Figure 8 below. Knowledge of the
oxidation kinetics is important in the aspect of understanding the behaviour of which the
oxidation process follows and is a good tool when predicting approximate oxide formation for
a certain alloy.

Logari thmic

WEIGHT GAIN

TIME

Figure 8 Weight gain versus time for the parabolic, linear, and logarithmic kinetic laws along with breakaway. Created with
inspiration from (10).

3.3.1 Linear rate law
In those cases where the oxidation rate is constant over time, independent of the amount of
gas or metal consumed, the linear rate law is applicable, written as equation 2 or equation 3.

dx .
i K;t (Equation 2)

x=Kt+C (Equation 3)

where K] is the linear rate constant, t time, x oxide thickness and C the integration constant.
(12) A linear law may result when a reaction at a phase boundary controls, provided that the
eventual surface film is non-protective, meaning that the substrate metal has access to the
oxidizing gas. (10)

14



3.3.2 Parabolic rate law
In high temperature corrosion metals most often follows the parabolic rate law, which
requires the square of the oxide thickness to be proportional to time, seen as equation 4.

x? =kyt+C (Equation 4)

k,, is the parabolic rate constant, t time and x corresponds to the film thickness. The parabolic
growth has earlier been explained by Wagner who assumed that the oxide is compact and
utterly adherent and that ion migration through the oxide is rate controlling. (10)

3.3.3 Logarithmic rate law

The direct logarithmic, and inverse logarithmic rate law represent oxidation in thin layer
regimes and is for most metals valid when heated at low temperatures. Equation 5 and 6
represents the direct and inverse logarithmic rate law respectively.

x=klog(t+t))+C (Equation 5)
i =B+ K'logt (Equation 6)

x corresponds to the oxide thickness, t denotes time, K and K" are rate constants, A and B are
the integration constants. (12)

3.3.4 Breakaway oxidation

Breakaway oxidation occurs when the once protective oxide layer degrades due to reaction
with the environment, or if it suffers from cracks or other defects. As could be seen in figure
8, breakaway causes an accelerating weight gain in comparison with the three other oxidation
rate laws mentioned, indicating that a more fast-growing oxide most likely starts to form.

15
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Corrosion Products

Metals are most often unstable in presence of oxygen, which leads to formation of oxides.
These could be either slow- or fast growing, be protective or non-protective. Dependent on
the composition of an alloy, the surrounding environment and temperature different types of
oxides forms. By using an Ellingham diagram if these parameters are known, a good estimation
could be done regarding which oxide most likely will be formed. For dry oxidation there are
five oxides in the iron-chromium-oxygen system, FeO (wistite), FesOs4 (magnetite), Fe,03
(haematite), Cr03 and FeCr,04 (chromite). When presence of high amounts of nickel, also
nickel-rich oxides can form. In this chapter some different oxides will be presented.

4.1 Chromium oxides

In the iron-chromium-oxygen system chromium could form Cr,03 and FeCr;04 (chromite), but
also a mixed oxide together with Fe;03 as (Fe, Cr); Oz and with Fes O4 the mixed spinel,
Fe''(Fe,Cr),""O4. However, in FeO the solubility is low. (6)

Chromium oxide, Cr.0s3 forms a green corundum-type oxide with a hexagonal crystal
structure.(13) Besides, Cr,0z is the only stable chromium oxide at high temperature. As
mentioned, chromium oxide is considered to act protective for stainless steels in high
temperature applications. It has a good corrosion resistance and excellent hardness and does
not react to most acids and alkalis. However, exposing chromia forming alloys to some alkalis
could cause breakdown, which is done for instance when studying the secondary protection.
(14) The lattice transport is sluggish which is one explanation for the good protective
properties. The dominant defect for chromium oxides is cation vacancies, making it a p-type
conductor. (15) It has been shown that chromia grown on pure chromium can exhibit both n-
type and p-type conductivity, controlled by the p(02), where high p(02) corresponds to the
formation of p-type. The highest p(02) is located close to the surface. (16)

Chromia could lose its protectiveness if water vapour and/or salts are present. Regardless of
process that depletes the oxide it has been observed to suffers from an accelerated corrosion
effect. (17)

4.2 Iron oxides

Hematite

Fe203 also possesses corondum type structure, like Cr,03, which in turn enables formation of
the mixed oxide (Fe, Cr), Os. Oxygen ions are hexagonally closed-packed while Fe3* ions are
situated in 2/3 of the octahedral sites of the oxygen lattice. Hematite is considered as an n-
type conductor, with both metal interstitials and oxygen vacancies. In spite of that, lattice
transport is considered as both outward diffusion of metal cations and inward diffusion of
oxygen anions. (15)

Magnetite

Fe304 has an inverse spinel structure, with Fe2+ ions and half of the Fe3+ ions filling up the
octahedral sites, remaining Fe3+ ions occupy tetrahedral sites. It grows primarily by outward
transport of metal ions, and is considered as a p-type semiconductor. (15)

16



Wiistite

Woistite, Fe1.yO, is only stable at temperatures above 570°C and at low oxygen activities. It is
metal deficient and therefore a p-type semiconductor. The crystal structure consists of
oxygen ions that are cubically closed-packed and iron ions located in the octahedral
interstices. Wistite is a complex non-stochiometric oxide with a high diffusion coefficient,
resulting in rapid growth of a thick oxide scale. (18)

4.3 Nickel oxides

Nickel oxide, NiO, is a non-stoichiometric semiconductor of p-type. The growth rate of NiO
follows parabolic behaviour in presence of water. (19) NiO is ordered in rock salt structure
with Nickel and oxygen ions at the octahedral sites.

17
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Experimental Procedure

In this chapter the investigated materials are presented along with descriptions of the
different stages included in the experimental part of this work.

5.1 Investigated materials

This study is based on a set of mainly Fel8Cr alloys with addition of various amounts of
nickel as is presented in Table 1 below. As mentioned in the material chapter in this work
austenitic stainless steels requires a minimum of 18wt% Cr and 8wt% Ni, making some of the
samples austenitic while some is ferritic or a mixture. The investigated samples are provided
as coupons with approx. dimensions of 11x11x2 mm before grinding them. All sample also
had a small hole located near one of the edges. All samples were handled likewise throughout
the whole experimental procedure.

Table 1 Investigated samples with varying amounts of nickel and iron, and 18wt% Cr.

Matrix of alloys in weight%

Fe Cr Ni Al
Bal. 18 0 *
Bal. 18 2 *
Bal. 18 5 *
Bal. 18 10 (0.005)
Bal. 18 20 *
Bal. 18 34 *

- 18 82 *

*<0.01
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5.2 Sample preparation
The initial step of sample preparation is assigned to grinding and polishing the coupons. Four

coupons of each alloy were ground with SiC paper (500 to 4000 grit) followed by polishing
with diamond suspension (3 um and 1 um) in order to receive a mirror-like surface. Table 2
shows all grinding and polishing steps more thorough. To remove dirt and grease from the

polished samples they were placed in separate tubes filled with acetone and further put into an

ultrasonic bath. The samples were then cleaned with ethanol to remove eventual acetone

remains. Samples were then stored in plastic holders until exposed.

Prior to exposure, all samples were weighted, and dimensions were measured in order to

collect data for later calculations on mass-gain and oxide-thicknesses.

Table 2 Grinding and polishing steps of samples.

Grind number

1

2

5.3 Furnace exposure

Grinding time [s]

40

40

35

35

30

25

Grinding paper
Silicon carbide grinding paper, grit 500
Silicon carbide grinding paper, grit 1000
Silicon carbide grinding paper, grit 2400
Silicon carbide grinding paper, grit 4000
MD-Dac

MD-Nap

Grinding liquid
Distilled water
Distilled water
Distilled water

Distilled water

Diamond suspension, 3 pm

Diamond suspension, 1 um

All exposures were carried out in a horizontal tube furnace in 600°C in dry condition (5% O,

Nz (bal.)). The furnace was equipped with a silica tube with an inner diameter of 45 mm
connected to multiple gas-pipes. Total gas-flow in this study was 1000 ml/min, and the O»-
source in this case was from air (~20% O, ), making the air-flow 250 ml/min and N»- flow

750 ml/min. To confirm the flow-rates a flowmeter was used. Temperature were measured in
the middle of the furnace since samples were located there during exposure.

An alumina plate with three slits were used for all exposures, making it possible to expose
three samples at a time. In this study three samples of the same alloy were exposed

simultaneously. The alumina plate was inserted carefully, with help of a metal stick, to avoid
samples from falling off until it reached the middle of the furnace. After inserting the samples,
the furnace was closed, and gas-flows turned on. The furnace was connected to a beaker filled
with distilled water, which by the appearance of bubbles confirmed the gas-flow. All samples
were exposed for 168 hours, with exception for the first controlling exposure that lasted for 24

hours.

After exposure samples were left to cool for at least one hour before weighing. As the new
weights were noted, mass-gain was calculated and further also oxide thicknesses.
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5.4 Calculation of oxide thickness
The estimated oxide thicknesses of the oxides were calculated from mass-gain data.
The calculation assumes that the mass-gain is assigned to the ingress of oxygen, resulting in
the usage of density in order to translate the mass-gain into a volume and further also into
oxide thickness. Since the density of the oxide does not only correspond to the oxygen
content, a factor is used in order to compensate. The theoretical density change could be
written as equation 7.

M (02) .
Aptheor‘etically = Pwmyo, * M(M—X(Z)y) (Equation 7)

where PM,0, is density for the formed oxide, M (0,) molar mass for oxygen gas, and

M(MXOy) molar mass for the oxide. Since density is defined according to equation 8
p= % (Equation 8)
where m in this case corresponds to mass-gain (g/cm?) and V to arbitrary volume of the

oxide. Combining equation 7 and 8, results in equation 9

Viem3]=dem * 1cm? = mM o3 (Equation 9)

prOy* M(MXOy)

where d is oxide thickness. Equation 9 could be re-written as equation 10, receiving the
oxide thickness in pm.

m

d= Mo 10000 (Equation 10)

prOy* M(MXOy)
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6
Analytical Techniques

The analytical methods used in this work is SEM and EDX. With help from the analytical
work, estimations regarding formed oxides could be made. The analytical work was
performed in company with a supervisor.

6.1 Scanning electron microscopy (SEM)

Scanning electron microscopy uses a focused beam of high-energy electrons in order to
generate signals from solid samples surfaces. Signals achieved by the electron-sample
interaction, combined with other techniques such as Energy Dispersive X-ray Spectroscopy
(EDX), provides information regarding the morphology, chemical composition, and
crystalline structure.

Accelerated electrons carry significant amount of kinetic energy which further, when
dissipated, result in various signals as the incident electron interacts with the sample. These
signals include secondary electrons, backscattered electrons, diffracted backscattered
electrons, photons(X-ray) and heat. The X-rays are used in EDX to study the chemical
composition of the sample. When imaging samples secondary electrons and backscattered
electrons are most commonly used, where the secondary electrons reveal morphology while
the backscattered electrons give rise to the contrast assigned to the differences in
composition or density. SEM is performed under vacuum and can be used in most cases
when examining solid samples, however for instance sample size and detection of light
elements (atomic numbers 11>) could be limiting factors. (20)

6.2 Energy Dispersive X-ray Spectroscopy (EDX)

EDX is an X-ray technique used for identification of elemental composition of materials used
together with SEM. Data generated from EDX is presented as a spectrum with peaks of
different heights where each peak is unique for one element and the higher the peak
appears, the greater is the quantity of the detected element. Also, it is possible to do
elemental mapping when using EDX. The interaction volume plays a significant role when
using this technique since the traced signals is based on all the information provided, which
is determined in respect to this volume. For instance, when analysing thin oxides the
interaction volume is of major concern since the composition of the steel may be detected if
the interaction volume is to extensive. (21)

21



7

Results

7.1 Influence of nickel

7.1.1 Mass-gain and oxide thickness

Figure 9 shows mass-gain after exposure for 168 hours in 600 °C in dry condition (5% O,
75% N2). For alloys containing 0 to 10 wt% Ni the mass-gain is relatively low in comparison to
the others, where the 2 wt% Ni alloy had the highest mass gain within this range. For alloys
with higher nickel content the mass-gain increased significantly. The highest mass-gain was
assigned to the 34 wt% Ni alloy. The colour appearance of the alloys after the exposure
matched well with the mass-gain data since the exposed alloys with low mass-gain retained
their shiny surface, while those with higher mass-gain received a more matte surface. For
the estimated oxide thickness calculations mean-values of the mass-gain was used,
presented in Table 3.
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Figure 9 Mass-gain results presented as mg/cm2 after exposure for 168 hours in dry conditions (5% 02, N2(bal.)) in a horizontal tube furnace at 600:"C.

Table 3 Average mass-gain results for all alloys.

Alloy Average mass-gain [mg/cm2]
Fel8CrONi 0,010355102
Fel8Cr2Ni 0,02363247
Fel8Cr5Ni 0,017128927
Fel8Cr10Ni 0,017746331
Fel18Cr20Ni 0,374477329
Fel8Cr34Ni 0,77823962
18Cr82Ni 0,257822259
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Mass-gain results after 24 hours of exposure are presented in Figure 10. Results are taken
from the TEAMWORK report and is not achieved from this study. The alloy setup is identical.
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Figure 10 Mass-gain data after exposure in a horizontal tube furnace in 600 degrees Celsius for 24 hours in dry condition
(5% O, N,). Results are taken from the TEAMWORK report.

By using the mass-gain data and surface area of the coupons a theoretical oxide thickness
was calculated and results are presented in Table 4. Since density of formed oxide is part of
the equation used when calculating the theoretical oxide thickness assumptions are needed.

Table 4 Calculated oxide thicknesses for all alloys with estimated oxide formed, given in nanometres.

Alloy Oxide thickness Estimated oxide
(nm) formed
Fel8Cr 96 Cr,03
Fel8Cr2Ni 232 Cr,0;
Fel18Cr5Ni 159 Cr,03
Fel8Cr10Ni 166 Cr,0;
Fe18Cr20Ni 2471 Cr;03/Fe30,4
Fel18Cr34Ni 7509 Fes04
Fe18Cr82Ni 1823 NiO
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7.1.2 Analytical results
Analytical results for this study are presented as plan-view SEM images of the different alloys
with varying magnifications and EDX analysis.

7.1.2.1 Colour appearance

Pictures of all samples are presented in Figure 11 a-i below. Alloys consisting of 0-10% Ni
(see Figure 11 a-d) remained their shiny surface after the furnace exposure, while alloys with
34 and 82 % Ni (see Figurel1l g-i) turned matte. However, samples consisting of 20%Ni (see
Figure 11 e-f) showed one side that remained shiny, while the other side were
predominantly matte. The 82%Ni showed a matte surface, while the edges had a shiny blue
appearance similar to the surface of the 0%Ni. As could be noted the 2 and 5%Ni alloys look
similar with their gold-like colour even though the oxide thickness were greater for the 2 Ni
alloy. The 10%Ni alloy showed a mixture of gold-like and blue colour appearance. The alloy
consisting of 20%Ni showed two shiny surfaces, with one covered by matte reddish spots
spread homogenously on the sample surface. The 34%Ni appeared with a matte greyish
colour with red spots located mainly on the edges of the surface. The increase of nickel
mainly changed the surface from shiny to matte, which overall correlate well with the mass-
gain results, as the alloys with high mass-gains tended to be more matte.

20 Ni 20 Ni

Figure 18 Pictures of Fel8Cr, Fe18Cr2Ni, Fe18Cr5Ni, Fe18Cr10Ni, Fe18Cr20Ni, Fe18Cr34Ni and 18Cr82Ni after 168 hour exposure.

7.1.2.2 Scanning Electron Microscopy (SEM) and EDX-analysis

All samples were imaged for magnification 50, 200, 400, 800, 1600, and 3000x. However,
some of the samples had additional magnifications imaged. Figure 12-18 show SEM images
of all exposed alloys at magnification 800x since the differences between the alloys could
easily be observed. Some surfaces appeared as rather smooth in comparison with those
with more extensive oxide growth. Mass-gain results indicated that as the nickel content
increased a higher mass-gain was observed. However, the highest mass-gain was assigned to
the 34%Ni alloy which also received the thickest estimated oxide thickness. As could be seen
in Figure 12 and Figure 15, the 0% Ni and 10% Ni had smoother surfaces than the other
alloys. While for the 2% Ni, 5% Ni, 20% Ni and 34% Ni oxides are easier to distinguish as the
nickel content increases, and the appearance of different regions could more easily be
observed. However, at higher magnifications the metal grains get more prominent for the
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0%Ni and 10%N:i alloys, even though the observed differences are insignificantly small. Since
the alloys with 10%Ni or less formed thin oxides the metal grains observed does indicate
that the interaction volume is deeper than the thickness of the oxide. The 82%Ni alloy had
an outstanding appearance in comparison to the other alloys, which most likely is due to the
fact that only trace levels of iron are present. As could be seen in Figure 18 the oxide growth
is more extensive in the grains rather than in the grain boundaries and a more even oxide
profile is observed in comparison to the other alloys.

The EDX analysis was useful in order to estimate what type of oxides that have formed on
the different alloys. For the alloys containing 0 to 10 wt% Ni a thin and chromium-rich oxide,
Cr,03, most likely formed based on the detected signals from the EDX analysis but also the
shiny surface indicated that the sample remained. The surface of the alloy containing 20 wt%
Ni was partly covered by a thin Cr-rich oxide, but also showed regions with thicker Fe-rich
oxides (see Figure 16). For the 34 wt% Ni, EDX analysis indicated that an iron-rich oxide
formed all over the sample surface except for in the alloy grain boundaries. For the 82 wt%
Ni alloy a Ni-rich oxide were predicted to form assigned to the predominant Ni-content. The
results achieved from the EDX analysis correlated well with this estimated outcome.
However, in Figure 18 the grain boundaries are notably brighter than the rest of the sample
surface, which most likely is due to the formation of a thinner oxide. Results from the EDX
analysis indicated that the grain boundaries had significantly higher chromium
concentrations than the rest of the sample which could explain this appearance.
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Figure 18 Plan-view SEM image 82 Ni
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Discussion

Out of this study it could be stated that something happens for the FeCr-alloys consisting of
20 wt% Ni or higher. Differences between the samples could be observed as soon as they
were taken out of the furnace since the colour appearance differed. However, mass-gain
data and EDX results were necessary to point out the differences more specificaly. In general,
alloys consisting of 20wt% Ni or higher appeared with a matte surface and had the highest
mass-gains, while the alloys with less Ni had a shinier appearance and lower mass-gain.
When comparing results between this work and the TEAMWORK project, it was noted that
the 20wt% Ni alloy was more similar in growth as the ones with lower Ni content, which was
not the case for this study. The only parameter that differed between these two works is
exposure time, indicating that the exposure time is of importance for the outcome seen to
mass-gain.

EDX-analysis generally showed differences in the composition between the brighter and
darker regions, were the darker regions most likely corresponded to an initial formation of
iron-rich oxide. Alloys consisting of 20wt% Ni or higher had mostly dark regions, and also the
highest mass-gain which correlates well with this conclusion.

Looking at the 304L study presented earlier in this work it was concluded that regardless of
the surrounding environment, wet or dry, both salts (?+?) acted corrosive and the outermost
oxide layer consisted of iron oxide. Potassium carbonate salt (K,CO3) were also used in a
study executed on the same batch of alloys as in this work, exposed in the exact same way
but focused on the secondary protection(22). Here iron rich oxides formed, after breakdown
of the primary protection, as well as nickel oxide for the alloy that only consisted of trace
levels of iron.

The secondary protection study used 1 mg/cm2 K>COs to cause breakdown of the primary
protection. Alloys were treated in the same way as in this work, except from the added salt,
but results differed notably. Low nickel content alloys, with less than 5 wt% Ni, had the
highest mass-gains, while the once with higher amounts of nickel had low mass-gain. From
TG —and furnace exposures it was noted that the Fe18Cr5Ni nickel addition increases the
primary — and secondary protection properties. As the primary protection held longer when
salt was added, and the alloy had a decreased mass-gain after breakaway. For alloys
consisting of more than 5 wt% Ni the primary protection fails immediately which forces the
secondary protection to form. One parameter that may have influence in this case is the
Cr/Fe ratio.

Since metals are used in a wide range of applications, in varying environments, the
comparison between these two works show that if a metal are thought to be used in a
alkaline environment, including breakdown corrosion, alloys with higher nickel content most
likely will be the better option. However, this study indicates that if the application is in a
mild and clean environment, nickel addition above 20% appear to have a detrimental effect
at a chromium content of 18 wt%, possibly due to the relatively low Cr/Ni ratio.
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Future work

This study showed that the mass-gain increased notably for Fe18Cr20Ni and Fe18Cr34Ni,
making it interesting to limit a future work to more similar compositions but also perform a
better kinetic study to easier follow the mass-gain continuously. Implementing longer
exposure times with the same alloys under the same conditions as for this work would also

be interesting since there is a notable change in mass-gain for the 20 wt% Ni alloy between
24- and 168-hour exposures.

Also, using the same nickel content as for this study but varying the composition of
chromium (chaging the Cr/Ni ratio) would have been of interest to look at since the
formation of chromium rich oxide is of importance for stainless steels.

Except for adding salt, also water is also known to cause breakaway corrosion of chromia

forming alloys, thereby it would be interesting to see what influence process steam or
likewise would have on the alloys with higher amounts of Ni.
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