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Abstract

The corrosion resistance of three candidate alloys is tested in supercritical carb

dioxide (S-C02) at different levels of temperature and pressure for up to 3000 hou

The purpose of the testing is to evaluate the compatibility of different engineeri

alloys in S-C02 for use in a S-C02 Brayton cycle. The three alloys used are austeni

stainless steel 316, iron-nickel-base superalloy 718, and nickel-base superalloy 7

Each alloy is exposed to four combinations of temperature and pressure, consisting
of either 550°C or 700°C at either 15 or 25 MPa for up to 1500 hours. At each
temperature, an additional sample set is tested for 3000 hours and experienced an
increase in pressure from 15 MPa to 25 MPa after 1500 hours of testing.

All three alloys are successful in producing a protective oxide layer at the lower
temperature of 550°C based on the logarithmic weight gain trends. At the higher

temperature of 700°C, 316SS exhibits unfavourable linear weight gain trends at bot

pressures of 15 and 25 MPa. In comparison, IN-718 and IN-738 performs similarly in

producing a protective oxide layer illustrated through a power weight gain relatio
The effect of pressure is most pronounced at the operating temperature of 700° C,

where the higher pressure of 25 MPa results in an increased rate of oxide formatio
SEM analysis exposes a thin film oxide for both IN-718 and IN-738 but severe

intergranular corrosion is exhibited by IN-738. Based on the testing conducted, bo

alloys show favourable characteristics for use in S-C02 conditions up to 700°C, bu

further testing is required to characterize the effect of the intergranular corros
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the stability of oxide in IN-738. 316SS provided favourable results for use in temperatures of 550°C, but the protective oxide deteriorated at an operating temperature of
700°C.
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Chapter 1

Introduction

1.1 Next Generation of Power Conversion Cycles
With the already high and increasing demand for electricity across the world, new
more efficient power conversion cycles are required. Significant electrical innovations
have emerged throughout the last thirty years that are causing higher loads than when
the original power plants were developed [1]. With an increasing world population
and quality of life, current power plants can be overwhelmed with demand, and as
Canadian nuclear stations are reaching their design life, the industry is in need of
new technology that can be implemented within the time and budgets of suppliers.
Furthermore, the majority of electricity today is produced through the combustion of
fossil fuels, which are contributing significant amounts of hazardous emissions to the
environment. The efficiency of these plants, or expansion of lower emission sources,
such as nuclear, can be addressed through the advancement of power conversion
cycles.
Conventional Rankine cycle steam turbines require high temperatures, large infrastructure, and incur high capital costs, only to operate at efficiencies reaching
4 0 % [2]. Alternative power conversion cycles are being developed in conjunction with
the Generation-IV nuclear reactors to offer sustainable and economic alternatives to
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conventional power conversion systems. Some of these include: supercritical Rankine

steam cycle, helium Brayton cycle, and supercritical carbon dioxide (S-C02) Brayto
cycle. The popularity of the S-C02 Brayton cycle, derived mostly from manipulating the non-ideal gas above the critical point, has given rise to small and large

development projects focussing on a variety of potential applications. Much of the
characteristics and developments will be discussed in the following section.

1.2 S-C02 Brayton Cycle

The S-C02 Brayton cycle is a high efficiency closed-loop power conversion cycle th
is being developed for direct or indirect use with a variety of heat sources. An

illustration of a typical Brayton cycle directly heated from a nuclear reactor cor
included in Figure 1.

COMPRESSOR

PRECOOLER

Figure 1: Typical direct Brayton cycle configuration [3]. A n indirect design would
use a heat exchanger instead of direct contact with the reactor core. Other
heat sources could include: fossil fuels, waste heat from conventional plants,
geothermal, or solar.

The high efficiency stems from the low compressibility of C02 above the critical

point (31.1"C and 7.39 MPa), causing a rapid change in density with minimal chang

in pressure. Figure 2 illustrates this relationship with phase diagrams for C 0 2 in the

pressure and temperature plane, as well as the pressure and density plane, while a
representation of a S-C02 Brayton cycle in shown in Figure 3.
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Figure 2: Phase diagrams for C 0 2 : (a) pressure and temperature, (b) pressure and
density [4].

Under these non-idealfluidconditions above the critical point, the overall effi-

ciency of the cycle is increased due to less work required by the compressor. Rese

has shown that efficiencies of 45% are possible with a source temperature of 600°C
This can be compared to the helium cycle, where 50% more work is required in
compression than for S-C02. Additionally, in order for the helium cycle to reach
an efficiency of 45%, the source temperature must reach 900°C [3]. A comparison
between the efficiency and source temperature of the S-C02 Brayton cycle, helium
cycle, and Rankine steam is provided in Figure 4.
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Figure 4: Comparison of efficiency of Rankine, helium, and S-C02 power conversion
cycles [2].

Although the Rankine cycles can operate at a slightly higher efficiency than the

S-C02 Brayton cycle at lower temperatures, the broad range of critical zone for C02
allows for a wider acceptance of source temperatures.

The helium cycle is capable of operating at similar efficiencies but requires high
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source temperatures. Although operating at less pressure than the S-C02 Brayton cy

cle, the helium cycle is limited in applications due to the high temperatures requ

In considering materials selection for either cycle, material strength is impacted
by temperature than pressure. For this reason, the structural design of the S-C02
Brayton cycle is highly favoured over the helium cycle [6].

The overall design of S-C02 Brayton cycle systems also offers a significant reduction in size when compared to a traditional Rankine cycle and helium cycle. This
size comparison is illustrated in Figure 5.

jm HeTurbii-

^m

1m S-C02 (300 MWe)

Steam Turbine (250 MWe)

Figure 5: Comparison of size of Rankine, helium, and S-C02 power conversion
cycles [2].

The properties of S-C02 allow for a significant reduction in size of major com-

ponents. This is especially true when considering thermal conductivity properties,

which allow for a significant reduction in the size of heat exchangers for indirec

cles. This reduced size further expands the range of possible applications for the
S-C02 Brayton cycle, but most importantly results in reduced capital costs.
Overall, the S-C02 Brayton cycle provides a high efficiency power conversion

cycle that is desirable over other traditional and competing cycles. The wide rang

of operating temperatures, small size, and reduced capital costs, show potential f

remote and portable applications, or secondary forms of power generation at existi

power generation stations. Originally envisioned for power conversion systems of t

lead-cooled fast reactor and sodium-cooled fast reactor, the S-C02 Brayton cycle h

6
quickly shown potential for other applications involving solar towers, marine and
power, as well as geothermal [3].

1.3 High Temperature S-C02 Corrosion
The S-C02 Brayton cycle operates at pressures and temperatures up to 20-25 MPa

and 550-700°C, respectively, which can impose high stresses and challenge material

integrity in many areas of the system. Beyond these initial factors, it is equally

portant to understand corrosion resistance of candidate materials in order to prev

unexpected deterioration of components or decline in efficiency. Although generall

considered to be thermally stable at temperatures below 1500°C, little is known ab
material compatibility of C02 under supercritical conditions.

Beyond the initial use of C02 as a working fluid in the advanced gas-cooled reacto

in the United Kingdom, little C02 corrosion research has been conducted until rece
studies by Dunlevy (2007) [6] and Gibbs (2010) [7]. Further corrosion testing is
required to understand the kinetics and mechanisms of corrosion on a variety of
candidate materials at a range of operating conditions. The testing conducted in
this work exposes materials to temperatures of 550°C and 700°C at pressures of 15

MPa and 25 MPa, in an effort to understand the corrosion resistance of varying all
compositions and its dependance on temperature and pressure.

1.4 Objective and Organization of Thesis
The motivation for the work conducted was to explore the compatibility of various
high temperature alloys in S-C02 and to determine suitable alloys for further investigation. In the collaborative project between Carleton University and Natural
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Resources Canada (NRCan), corrosion testing was conducted at four different com-

binations of pressure and temperature, including the highest combination of pressu

and temperature that has been reported at this time. The test conditions were chos

to closely replicate the temperature and pressure expected in the operation of S-C
Brayton cycles.

In the following chapter, an introduction to high temperature materials and corro-

sion is provided. Chapter 3 outlines the design and procedure of the corrosion tes
conducted, while Chapter 4 provides a summary of the results. Finally, Chapter 5

summarizes the work presented and highlights notable results, followed by recommen
dations for future work.

Chapter 2

Background

This chapter provides a summary of high temperature material corrosion in S-C02.
A brief introduction to high temperature materials is provided, specifically focussed
on austenitic stainless steel, iron-nickel-, and nickel-base superalloys. T h e mechanics
and kinetics of corrosion and high temperature oxidation are later discussed with
an application to S - C 0 2 conditions, whilefinallyfocussing on a s u m m a r y of S - C 0 2
corrosion studies that have been completed.

2.1 High Temperature Materials
Under low temperature conditions, alloys can usually be selected for applications
based on conventional properties of yield strength, modulus of elasticity, or corrosion
resistance. W h e n the operating temperature begins to exceed 5 0 % of the alloy's
melting temperature, the stability of the alloy must be considered. Long-term effects,
such as creep and phase instability, can reduce the alloy's strength and eventually
lead to premature failure through rupture and/or dimensional changes [8]. For turbine
blade applications, creep can cause bowing of vanes or lengthening that can eventually
lead to contact with the outer casing. High strength is also required in the support
infrastructure for gas turbines, which include: process piping, heat exchangers, and

8
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turbomachinery casing.
Typically used in applications where temperatures exceed 540°C, superalloys em-

ploy a variety of strengthening mechanisms based on their composition, melting pro
cedures, forming process, and subsequent heat treatment [8]. For use under such

conditions, superalloys were formulated to provide stable, high strength propertie

at high temperatures from careful balancing of elements for strength and corrosion
resistance.

Superalloys primarily derive their strength from the construction of multiple form

of phases and carbides, which are created by a combination of composition, forming
(cast or wrought), and heat treatments. The main phases of superalloys consists

of: 7, 7', 7", rj, and 5. The main superalloy matrix consists of the austenitic fe

phase, where the remaining phases are composed of 7' fee Ni3(Al,Ti), 7" bet Ni3Nb, r
hexagonal Ni3Ti, and 5 orthorhombic Ni3Nb, in addition to fee carbides MC, M23C6,
MgC, and M7C3. These phases are manipulated through heat treatments to maximize
strengthening mechanisms for specific applications. [8].
The 7 phase is typically the main matrix phase in superalloys and contains most

of the solid solution elements, which can include: cobalt, iron, chromium, molybde

num, and tungsten. The 7' phase can exist as a precipitate in cuboidal or spherica
form along grain boundaries or within the grain. These precipitates form the pri-

mary high-temperature strengthening mechanism and has proven useful for increasing

creep-rupture properties. Highest strength at high temperature is found through us

of cuboidal precipitates. These properties are based on the volume fraction, size,

morphology of the precipitates, which is controlled through the relative additions
tanium and aluminum in conjunction with subsequent heat treatments. The niobium

and nickel 7" phase provides a dramatic increase in strength at low temperatures b
is unstable at temperatures above 650°C. Much of the strength is due to mismatch
strains induced by the 7 phase [8].
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Superalloys are classified into three main categories based on their major compositional element: nickel-, iron-nickel-, and cobalt-base alloys. A comparison of
compositions is provided in Table 1.

Composition (%)
Element

Fe-Ni/Ni-Base

Co-Base

Cr
Mo, W

5-25

19-30

0-12

0-11

Al

0-6

0-0.45

Ti

0-6

0-4

Co

0-20

Bal

Ni

Bal

0-22

Nb

0-5

0-4

Ta

0-12

0-9

Re

0-6

0-2

Table 1: Composition of major elements in Fe-Ni-, Ni-, and Co-base superalloys.
Reproduced from [8].

The three categories of superalloys can generally be subdivided based on cast or

wrought processing techniques. Cast alloys typically have a coarser grain when com

pared to wrought alloys, making them less susceptible to creep rupture. Furthermor

cast alloys offer additional processing control through the use of directional sol

tion techniques to further enhance creep and high temperature strength properties.

In contrast, wrought alloys usually exceed cast alloys in tensile strength and low

fatigue strength due to a finer grain size [9]. A comparison of these superalloy c
with respect to rupture strength in provided in Figure 7.
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In the formulation of superalloys, specific alloying elements are introduced to
enhance specific qualities of the matrix. These properties are tabulated in Table

12

Element
Pur

P°se
Matrix Strengthener

Cr

Co M o
W
•
•
•
•

•

•

Fe
•

Intermetallic Precipitates
Carbides

Re
•

Ta
•

•

,

Nb

Al

•

•

Hf

B

Zr

•

•

•

.
•

•

C

•
.

a

Grain Boundary Strengthener
Oxidation

Ti

.

Table 2: Purpose of elemental additions to superalloys. Reproduced from [9].

Figure 8 depicts the benefits of specific elemental additions to iron-nickel/ni
base superalloys.

Grain-boundary
strengthening

Solid-solution
strengthening

Figure 8: Alloying elements used in Ni-base superalloys [8]. Cross-hatched pattern
represents beneficial minor elements; horizontal pattern represents detrimental
elements.
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2.1.1

Iron-Nickel- and Nickel-Base Superalloys

In recent years, the division between iron-nickel- and nickel-base superalloys has narrowed with the addition and modification of new alloys. Both types rely on strengthening mechanisms of solid solution and precipitate hardening. The typical iron-nickelbase alloy's main strengthening mechanism is found in a fee intermetallic compound
precipitate, generally 7'. Some of these alloys include A-286, V-57, and Incoloy 901.
Other forms of iron-nickel-base alloys are found in modified stainless steels that are
treated to produce 7' precipitates. Alloys such as, 19-9DL and Incoloy 800H, have
an increased content of mainly nickel, but also titanium and aluminum [8].
Nickel-base alloys are predominantly strengthened by intermetallic compound precipitates in an austenitic fee matrix. Nickel-base alloys are generally grouped into
categories of solid-solution strengthened (Hastelloy X and IN-625), Ti-Al 7' precipitate strengthened (Waspaloy, U-700, and IN-713), and a combination of niobium 7"
and Ti-Al 7' strengthened (IN-718 and IN-706). In some cases, alloys such as IN-718
and IN-706 can be found listed as iron-nickel-base partially due to the increased composition of iron in the matrix. A further extension to the nickel-base alloy class is
the oxide-dispersion strengthened alloys (IN-MA-754 and IN-MA-6000E). This type
of alloy is strengthened in combination of inert particles (yttria) and 7' precipitation [8].
The two alloys used in this work were wrought IN-718 and cast IN-738, which
consist of distinctly different compositions. This comparison can be found in Table 6
on page 45, where the most notable difference is the 18.5 w t % of iron found in IN-718.
This addition makes an iron-nickel matrix for IN-718 that governs the formation of
secondary phases, and ultimately, m a x i m u m operating temperature. For this reason,
IN-718 is generally limited in operating temperating to 816°C. In comparison, IN738 provides a slightly lower strength alternative that is more stable at temperatures

11
exceeding 816°C due to the cast nickel-base. Figure 9 offers a comparison of 1000 hr
rupture strength for some c o m m o n nickel-base superalloys. Cast superalloys also offer
greater control of microstructure for the optimization of equiaxed or directionally
solidified grain structures [8].

600 650

no r

1100

Temperature, C
I5C S00 950 1000
700 750 800 850

1050

T

1200 1300 1400 1500 1S00 1700 1800 1900 2000
Temperature, °F

Figure 9: 1000 hr stress-rupture plot for some Ni-base superalloys [8].

2.1.2

Austenitic Stainless Steel

Austenitic stainless steels are a variation of chromium-iron steel where additions of
nickel, and in s o m e cases, m o l y b d e n u m have been added. Additions of nickel help
to stabilize the austenite phase and work with chromium to enhance corrosion resistance. Furthermore, the face-centered-cubic structure eliminates a ductile-to-brittle

15

transition at low temperatures. The corrosion resistance of austenitic stainless s
can be highly dependant on temperature and environment, where high temperatures

or acids can deteriorate the protective oxide layer. For this reason, molybdenum c

be added to address some of these concerns by improving resistance to stress corro
cracking and chloride pitting [7].
The austenitic stainless steel used in this work is 316SS. This alloy is one of

the most popular stainless steels due to high rupture strength, creep strength, an
excellent corrosion resistance. Originally developed for the paper mill industry,

is used throughout industries including: food processing, heat exchangers, fastene
and medical implants. Available in both standard and low carbon forms, it also

offers better corrosion resistance and cold working properties than alloy 304, and
generally considered weldable for most applications [7,11].

2.2 Corrosion
Corrosion consists of an electrochemical reaction between an anode and cathode.

This reaction is based on the presence of an oxidizing agent that can be reduced b

reaction with a metal ion [12]. In aqueous corrosion, or low-temperature corrosion

an electrolyte is required for the chemical reaction to occur and typically consis

of a layer of moisture on the surface of the metal. The rate of corrosion increase

proportionally with an increasing relative humidity [12]. The electrochemical reac
for aqueous corrosion can be outlined as [12]:

Me-> Men+ +ne~ (1)
-02 + H20 + 2e~ -> 20H~ (2)
Men+ + nOH~ -+ Me(OH)n (3)
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As temperatures exceed 100°C, most metals begin to form thin, slow growing ox-

ide layers on a scale that can only be observed using an electron microscope [13].

aqueous solution present in the gas will begin to take the form of a vapour rather
than liquid. Although an electrochemical reaction, the driving force is thermodynamic, which causes the rate of reaction to increase with increasing temperature.

The increasing temperature also begins to dry the atmosphere, which counteracts th

atmospheric corrosion process and results in a maximum corrosion rate based on the

varying degrees of moisture level and temperature at a certain point [12]. As temperatures approach 500°C, corrosion mechanisms take the form of high temperature
corrosion.

High temperature corrosion, or chemical corrosion, involves the exposure of metals
to temperatures exceeding 500°C where the electrode reaction takes place in the

presence of a dry gas [12]. The reaction involves the formation of a solid oxide o

surface of the metal that separates the atmosphere from the metal [13]. The rate o

reaction is based on the ability of ions to transport through the oxide layer, whi

can depend on the temperature, microstructure, and composition of the oxide layer.
Below 500°C, dry C02 is generally inert, but as temperatures exceed 600°C, signif-

icant corrosion can occur based on thermodynamic driving forces involved. Composi-

tional additives can be used to combat corrosion and produce a stable and protecti
oxide layer but are usually not compatible with the required strengthening mechanisms within the alloy [13].
For applications involving C02, there is little documented data on the compatibility of alloys beyond the initial use of C02 in the advanced gas reactors (AGR)

the United Kingdom. Although operated at a relatively low pressure of 4 MPa, below

the critical point of C02, the reactors used low alloy steels in areas that were e

to temperatures of 650°C [3]. There are only a few recent studies that have starte
to look at high chromium and nickel alloys exposed to S-C02, but more studies are
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needed to look at the pressure and temperature limits that are expected in a Brayton
cycle gas turbine.
There exists several forms of corrosion that can lead to catastrophic damages in a
Brayton cycle gas turbine throughout areas of the turbine, piping, heat exchanger, and
compressor. Some of these include: oxidation, nitration, carburization, metal dusting,
holgenation, sulfidation, erosion-corrosion, and molten salt deposition, amongst others. For C 0 2 , oxidation and carburization are considered the most important factors
for material selection and will be discussed in subsequent sections.

2.2.1 High Temperature Oxidation
Oxidation is based on the electrochemical reaction between metal and oxygen ions,
where a solid oxide product is formed on the surface of the metal. These oxides can
be either protective or non-protective based on their ability to limit further oxide
growth or metal loss. A n oxide that forms a solid barrier to oxide ions will prevent
metal loss by limiting diffusion of ions through the oxide. In contrast, an unstable
oxide that cracks or deteriorates from factors such as: thermal stresses, porosity, or
thermal expansion, are detrimental to the underlying metal.
A variety of oxide layers provide different elements of protection under specific
atmospheric conditions, and are manipulated through the compositional design of
the alloy. High temperature materials are alloyed with a selection of elements such
as: Al, Ni, Cr, Co, and Si, which have shown to form a variety of effective oxide layers
at high temperatures. Table 3 provides an overview of high temperature materials
and their m a x i m u m use temperature based on oxide stability.

Us
Alloy Type

Oxide Formation
Form

Maximum Use Temperature (°C)

Low-alloy steel

Fe 3 0 4

500

Titanium-base

Ti0 2

600

Ferritic stainless steel

Cr203

650*

Austenitic Fe-Ni-Cr

Cr203

850*

Austenitic Ni-Cr

Cr203

950

Austenitic Ni-Cr-Al

A1 2 0 3

1100

*more based on creep properties

Table 3: C o m m o n engineering alloys with respect to use temperature [13].

The following section outlines the principles behind the formation of these oxides
in high temperature conditions, in addition to factors that pertain to the stability
and effectiveness of a protective oxide.

Formation of Oxides
High temperature oxidation consists of the electrochemical reaction between a metal
and oxygen ions.

T h e diffusion-controlled transport of oxygen anions and metal

cations through an oxide, allow for the formation of n e w oxide products at either the
oxide/oxygen, or oxide/metal interface [13]. This transport of ions determines the
rate of oxide growth, consisting of metal depletion, and is the determining factor for
the effectiveness of the oxide to protect the substrate metal. A s illustrated in Figure
10, there can exist multiple oxide layers of different compositions, but an overall
metal/oxide interface and oxide/oxygen interface exists on either side.
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Figure 10: Multi-layer oxidation of Ni-Cr alloy [13].

T h e reaction for high temperature oxidation in producing the metal oxide product
consists of the equation adapted from [9]:

2x
— M
y

2
+ 02 <r+ -MxOv
y

(4)

A popular theory for explaining scale formation is Wagner's theory of oxidation.
The theory explains the oxide growth rate based on the assumptions that solid oxide
growth is from cation transport across the oxide layer, and that thermodynamic equilibrium exists on both oxide/oxygen and oxide/metal interfaces [13]. Metal cations
and oxide ions will travel in opposite directions across the oxide layer, subsequently
causing an electric field to be produced due to their ionic nature. Furthermore, the
electric field will draw electrons from the metal, which will act to balance the net
charge transferred between the two interfaces [13].
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Oxide
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Cations
Cation vacancies
Electrons
Anions
Figure 11: Transport of ions for oxide formation according to Wagner's theory [13].

Thermodynamics and kinetics are the two major factors in the formation of oxides

and both conditions must be satisfied for the mechanism to take place. When consid

ering thermodynamics, an oxide will be formed based on a favourable change in free

energy from the formation of the oxide from the reactants [14]. This free energy c
be taken as Gibbs free energy (AG), which represents the chemical potential for a

reaction to occur based on the change in enthalpy (AH), entropy (AS), and absolute
temperature:

AG = AH- TAS (5)

A negative AG represents potential for a spontaneous reaction to occur, should the
kinetics be favourable [15]. An Ellingham Diagram, provided in Figure 12, can be

used to predict corrosion processes based on the thermodynamically feasible reacti
derived from AG and temperature, in addition to the partial pressure of oxygen,

carbon monoxide, and carbon dioxide [7]. The plot consists of a series of lines fo

each reaction, where AS is the slope and AH is the y-intercept, and remains a stra
line unless a phase change occurs [15].
The Ellingham Diagram is used for three main reasons [15]:

• determine the spontaneity of a metal reduction reaction to form its oxide,

• determine the the equilibrium partial pressure of oxygen with a metal oxide,
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• determine relative amounts of carbon monoxide and carbon dioxide to form an
oxide.

From the diagram, it can be determined that a metal will be oxidized if the oxygen

carbon monoxide, or carbon dioxide concentrations are above the equilibrium value.
Conversely, if it is lower, the oxide will be reduced [15]. The relative vertical

of the line represents the stability of the oxide, where the most unstable reactio
are near the top, and become more stable further down the diagram. It should be
noted that the Ellingham Diagram only represents the thermodynamic feasibility of

a reaction occurring, where kinetics, involving ion transport for oxide growth, mu
be achievable for the reaction to take place.

22
rV

H 2 0 ratio

10 -s

(; 0 / C O ? ratio

10 -u'

10 -6

10 -e

^

Po,

10-t

10 -2

1T2-

O

u

i

O*/

$*y^

1'

*°Sy«
V - " * ^ ^^-^
< G O O ^y0 7 > > ^ - ^

-100

Oy^

10"

o>

- 1
•

-200
10"
10Z-

-300
CM

O

y^

O

J^^Z

^^^^^/

10

c + o2 = co2

• 10'
•

-400

e

~3

10"

I — -500

10 4 -

o
r— -600

rrit

10

•^y^^

^^

0

2 -700

-soo

^y^y^

Att^s^^

10
10 5 -

^^

*&Ot?^ /

1 10"

• 6
•Jio

^*yyy / y
&£&>* y^ ^*
^yyy^^ ^y^y

-900

-1000

- 10'

/y*y

y^°l^C<

Change of state Element
Melting point
M
Boiling point
B

-1100

^^

^»<c,&
u

-^

^ ^ 7 -

0

200

10"

108-

Oxide
[JM
Bl

• 10°
1o'U-

10"

10"

-1200
400

600

800

1000

1200

1400

1600

1800

2000

2203

2400

Temperature {'C)
10 14

(D O / C O , ratio
OK

1? 1 2

1<

,10.

10"

•Hg/r^O ratio

10"

10

1(J-70

1 0 -e0

1 Q -S0

_1

^

1 0 -42

1 Q -38

1
1 0 -34

1{

pM

1 Q -28

^-26

1Q -24

POo

Figure 12: Ellingham diagram:freeenergy of formation [13].

As the thermodynamic conditions for oxide formation are met, the kinetics must be

understood to determine the effectiveness of the oxide to protect the underlying me
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Oxide growth measurements are conventionally measured as weight gain per unit
area as a function of time, and can follow four main relationships: linear (y=mt+b),
paralinear (y=atx + y = m t + b ) , parabolic (y=atx), and logarithmic (y=aln(t)), as
illustrated in Figure 13.

/Linear /
/ Paralinear

-

/

Time
Figure 13: Common kinetics of oxidation: rate laws. Adapted from [9].

The rate laws illustrate the oxide growth over time and can be categorized as
protective or non-protective. W h e n there is initial contact between oxygen and the
metal, oxide products are rapidly formed on the surface as per Equation 4 on page
19. As the surface of the metal is quickly covered, diffusion of ions becomes the
underlying mechanism for oxide growth. The rate-determining characteristics of the
oxide determine the ability of new oxidizing reactions to occur, where a protective
oxide would eventually prevent further oxidization [9].
The linear rate law describes an oxidizing reaction that is constant with time. The
produced oxide is non-protective in slowing diffusion or metal contact with oxygen.
A linear rate law is not ideal for most engineering applications due to deterioration
of the host metal and particulates that could cause clogging of a closed system such
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as a Brayton cycle gas turbine.
Parabolic and logarithmic rate laws are both considered protective due to the

reducing rate of oxide formation. An alloy exhibiting this relationship is able to
a stable oxide that isn't prone to cracking, porosity, and is well adhered to the

to prevent further metal exposure. Due to a higher rate of oxide growth, alloys wi

parabolic rates typically have oxides with higher diffusion coefficients and/or mo
defects for ion transport [7,9].
The paralinear rate laws is a combination of linear and parabolic rates and is
typically found after an incident oxide layer breakage. This can be attributed to
parabolic oxide growth until the oxide layer was breached by means of mechanical

contact, or breakaway corrosion, that has left an area of exposed metal. Alternati

change in operating conditions could have adverse effects on the oxide growth rate

Stability of Oxides

Several factors are considered when determining the ability of an oxide layer to p

the alloy, where a protective oxide layer would ideally have the following qualiti

• resistance to oxygen and metal ion transport,

• low microstructural imperfections,

• low thermal stress at operating temperature,

• good adhesion to resist spallation,

• high melting point,
• low vapour point to resist sublimation,
• similar coefficient of thermal expansion as the substrate alloy.
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An oxide layer must be able to adhere to the substrate metal under varying stress

and temperature conditions in order to prevent exposing metal for further oxidatio

For this reason, an ideal oxide would exhibit similar modulus of elasticity and co

cient of thermal expansion to prevent excessive stresses at the oxide/metal interf

that could lead to cracking. Furthermore, melting and sublimation of the oxide can
be of concern under high operating temperatures.
A non-protective oxide layer can have deteriorating effects on the alloy. As the
oxide breaks down and metal ions are being consumed for the production of new

oxide products, there is continuous metal loss from the surface. This could potent

reduce aerodynamics in a Brayton cycle gas turbine, and/or have detrimental affect

on the structural integrity of the alloy in the form of creep resistance and stres

rupture strength. With continual oxidation, the alloy will eventually become deple

of the required elements and will no longer be able to form a protective oxide. Th
phenomenon could lead to breakaway oxidation. Figure 14 illustrates the growth of
an oxide layer that is eventually subject to breakaway oxidation.

Weight gain at
breakaway
Breakaway oxidation

Protective oxidation
Time

Figure 14: Rate of oxide growth leading to breakaway oxidation.

from [7].

Reproduced
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Common Types of Oxides
In stainless steels, whose compositions are dominated by iron and chromium, three
main oxides are typically produced: iron scales, chomia scales, and iron-chromia

spinels. The iron oxide, magnetite (Fe304) is typically found at temperatures above
500°C and is the least stable of the oxides to be discussed with a AG = -210
kJ/mole 02 [6]. Additional exposure to carbon, such as a C02 environment, has
been found to reduce adherence to the substrate and induce spallation.
In contrast, chromia oxide (Cr203), is an effective protective oxide due to its

dense microstructure and high resistance to anion/cation transport. It is generall

stable up to temperatures of 900°C, where it then readily reacts with oxygen in th
formation of Cr03. The AG of chromia oxide is approximately -580 kJ/mole 02,
making it a much more stable oxide. A chromium composition of at least 12 wt% has

been found to be required in order to produce a continuous oxide layer, but excess

amounts of chromium can lead to the formation of chromia carbides that can deplete
the chromium from the matrix and cause embrittlement [6,16].
In nickel-chromium alloys, NiO and Cr203 form duplex scales, where high concen-

trations of oxygen will react to form NiCr204 at the oxide/metal interface. Chromiu

will eventually diffuse to the oxide/oxygen interface to form a continuous chromia
ide scale until it is depleted from the base alloy.
The addition of aluminum into the alloy matrix can add an additional form of
protective oxide. About 3-4 wt% Al is required with at least 15 wt% chromium
in order to produce a complete alumina scale. Since alumina oxide forms at an
order of magnitude slower than chromia oxide, the chromia scale is usually formed

quickly, leaving the aluminum to react with the slowly diffusing oxygen. The alumi
oxide forms at the Cr203/alloy interface, adding a further barrier to anion/cation
movement. With an increased chromium composition, less aluminum is required due
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to a greater barrier for oxygen anions to penetrate the chromia scale [6,16].
A more thermodynamically stable oxide is found in silica oxide, which is found

to form at the chromia/alloy interface. Although silica oxide has a slow formation

rate relative to chromia and alumina oxides, the addition of up to 4 wt% Si can be
beneficial to the formation of Cr203. This can be attributed to the suppression of

oxide formation in favour of chromia oxide, which serves as a better protective ox

On the contrary, silica oxide can easily form imperfections that aid ion transport
are also speculated to contribute to spallation in Cr-Fe-Ni stainless steels with
than 0.95 wt% Si [17].

Pilling-Bedworth Ratio (PB)
An oxide can also cause internal tensile stresses on itself through the formation
oxide products at the oxide/metal interface [7]. Pilling and Bedworth developed a

ratio to determine the protectiveness of a specific oxide based on the volume of o
produced (Wd) and to the volume of metal consumed (nDw):

Where W

and d represent the molecular weight and density of the oxide, respec-

tively, and n, D, and w represent the number of metal atoms in the oxide molecule,

density of the pure metal, and the molecular weight of the pure metal, respectivel
A PB ratio slightly more than one is considered an adherent and protective oxide
that is capable of creating moderate compressive stresses to resist spallation. A
ratio far greater than one could lead to excessive compressive stresses and cause

oxide to buckle, where too much less than one would be tensile and cause spallatio
The Pilling-Bedworth ratio is very limited in its application due to its use of
pure metals and their oxide. When considering a common oxide such as, Cr203, the
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resulting PB ratio is equal to 2.02 [7]. Although much higher than to be considere

protective oxide, chromia oxide is still widely considered an effective protective

2.2.2 Carburization
Carburization in C02 atmospheres can be accelerated through the diffusion of car-

bon controlled by the operating temperature, diffusing medium, and carbon gradient
across the the two interfaces. Many forms of carbides can form throughout the matrix based on carbon activity, some of which include: Cr3C2, Cr7C3, and Cr23C6 [14].

Carburization typically reduces the corrosion resistance of the alloy due to the d
pletion of chromium available for chromia oxide formation. Furthermore, carbides

reduce the toughness through embrittlement, which can lead to brittle fracture and
creep failure.
Mitigating carburization relies on the formation of a protective oxide layer that

can limit the diffusion of carbon atoms to the underlying alloy. It has been found

that carbon migration is inevitable at temperatures between 400-800°C, and that th

rate is more strongly based on the carbon concentration in the atmosphere than the
temperature and original carbon content of the alloy [18].

Nickel alloys offer an alternative to stainless steels in carburizing environments

to their resistance to carburization. This resistance is found from the low solubi
of carbon in nickel.
Similar to oxide formation, an Ellingham diagram can be formulated for the formation of carbides with respect to temperature, included in Figure 15.
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2.2.3

Metal Dusting

Metal dusting is an extended form of carburization where susceptible materials are
exposed to a carbon-rich gaseous environment. Carbon takes advantage of imper-

fections in the protective oxide layer to reach the underlying alloy and depletes
substrate of chromium through the synthesis of chromia carbides.
Cr 2 0 3 N CrNiFe-alloy

| M7C3

Internal
carbides
M 2 3 C 6 >\

(a)

/

(b)

\ ^

Coke

\->"*-6

Figure 16: Initial carburization of nickel-base alloy with subsequent carbon supersaturation and graphite nucleation in the production of coke [20].

The carbide zone eventually becomes supersaturated with carbon and graphite

nucleation begins to extend into the alloy. The "coke" corrosion product, formed f
the amalgamation of carbides, oxides, and alloy components, destroys the existing
oxide and grows outward from the substrate. Within time, the coke product is able

to separate from the base alloy along the lines of carbides extending into the sub
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2.3 High Temperature Corrosion Testing
Common methods of high temperature corrosion testing are based on the assessment

of reaction kinetics based on the metal oxidizing reaction of Equation 4 on page 1

This reaction allows for quantitative measurements based on the following corrosio
characteristics as outlined in [13]:

• quantity of metal consumed: Measured weight loss per unit area of the specimen
after removal of the oxide and/or remaining metal thickness,

• quantity of oxygen consumed: Measured weight gain per unit area of the specimen and/or oxygen used from the atmosphere,

• quantity of oxide produced: Measured weight or thickness of oxide.

Specimens are typically placed in a carefully controlled atmosphere and allowed

to corrode for a predefined period of time. The most accurate form of testing woul
ideally reproduce the environmental conditions that the material would be exposed

to for its intended application. Careful planning should be conducted in the desig

of tests based on the temperature and pressure of the gas, in addition to test tim
sample stress state, and gas flow rates, which should all reflect ideal operating

tions for the desired application in order to produce the most accurate results. B

on the design of the specific test apparatus, gas buoyancy should be considered wi

higher flow rates. With gases such as S-C02, buoyancy could have significant effec

on the oxide reactions. In most situations, the environment cannot be exactly repl

cated but there are a number of methods used to assess the kinetics and mechanisms
of the corrosion reaction.
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2.3.1 Methods of Corrosion Testing

Corrosion testing can either be considered continuous or discontinuous based on th
method of assessment. Oxygen consumption and weight gain are the only character-

istics that can be measured on a continuous basis, where other characteristics, su
as measuring metal or oxide thickness require destruction of the sample.
For the purpose of an initial assessment of material compatibility, discontinuous
testing offers a simple and cost-effective method for corrosion testing.

Discontinuous Corrosion Testing

Discontinuous corrosion testing involves the interruption of testing for the purpo
of measuring changes in weight and/or thickness of the oxide or metal. A number

of samples are placed in an autoclave that is heated and pressurized to the requir
environmental condition. After a predetermined amount of time, the samples are
removed and measured, typically for change in weight, and then placed back in the
test chamber for the continuation of testing. A select sub-set of samples can be

removed at each interval for further analysis by sectioning to quantify oxide and/
metal thickness, changes in composition, or integrity of the oxide.

The interval times for testing need to be carefully planned to capture the kinetic

of oxide growth based on the alloy and oxidizing environment. If test points are t

spread out, there will not be enough data points to characterize the oxide growth.

the contrary, excessive amounts of samples require more test intervals and introdu
more experimental variability in the testing.
A disadvantage of discontinuous testing is the number of samples required to

obtain data, including microstructural information, to properly characterize kinet
Each sample induces experimental variability from the initial preparation, to the

reaction to stresses causes from thermal cycling. Furthermore, the handling of sam
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has potential to damage the oxide layer or add undesirable particulates to the surface,
such as: oil, dust, and moisture. The effect of these factors can be hypothetically
illustrated in Figure 17, where the oxide scale is breached and breakaway oxidation
occurs.
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Figure 17: Possible experimental variability induced by discontinuous testing [13].

This illustrated result would not be captured with discontinuous testing because
discrete weight gain measurements are recorded at specific times. In order to obtain
an uninterrupted collection of weigh gain measurements, continuous corrosion testing
is required.

Continuous Corrosion Testing
Continuous corrosion testing offers the ability to capture change in weight of corroding
samples throughout the entire test. Although a much more complex and costly apparatus, the results accurately capture the kinetics of oxide growth, including points
of oxide cracking and spallation. W h e n weight change is to be monitored, use of a
spring balance apparatus is the simplest form of testing. The apparatus, illustrated
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in Figure 18, typically consists of a glass tube with a sample suspended from a sp

Gas flows from one end to the other, through a heating region, and around the samp
and support mechanism. Weight change is measured by the proportional extension

of the spring, which is collected using a cathetometer [13]. Although the spring b
ance does not record data points automatically, sample weight measurements can be

manually recorded at any desired time or interval. For this reason, the spring bal
is considered a semi-continuous method of testing [13].
G a s exit lube
(may be turned, raised, or lowered)

Rigid epoxy resin joint
Serrated edge
(allows point of suspension to be changed)

Pyrex tube
Pyrex or silica
spiral

Cathetometer target

Silica or refractory tube with ground joint
Tube furnace
Silica rod suspension
Specimen

Thermocouple

G a s inlet

Figure 18: Conventional spring balance used for continuous corrosion testing [13].

A method for full continuous weight change data capture is with an automatic

recording balance, as represented in Figure 19. This apparatus using a balance tha
is continuously recording the weight of the suspended sample while being exposed
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the corrosive environment. The balance is protected from the corrosive environment

through use of a shield gas, typically at a slightly higher pressure than the tes
Protective casing

Balance shield
gas inlet
Specimen
counterweight

Narrow-bore
pyrex tube
(

~\

Reaction chamber
gas exit

Silica or Pt suspension fiber
Specimen,

o
o
o
o

Silica or refractory tube with ground joint
Reaction chamber
gas inlet

Tube furnace

Thermocouple

Figure 19: Typical automatic recording balance used for continuous corrosion testing [13].

Both methods of continuous corrosion are subject to drawbacks, which comes in

the form of balancing of sensitivity and accuracy of the experiment. High accuracy

corrosion experiments utilize large samples that have a high surface area to volum
ratio. This maximizes exposed surface for oxidation, making the newly formed mass
more dominant in the overall weight of the specimen. Although, highly sensitive

balances and springs cannot handle large loads. For this reason, continuous corros

testing need to be designed appropriately to properly balance the required sensiti
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and accuracy [13].

2.3.2

Supercritical C 0 2 Corrosion Testing

In recent years, the main motivation for S-C02 corrosion testing comes from the re

search and development of the S-C02 Brayton cycle gas turbine. Although relatively

inert at low temperatures, C02 can cause detrimental corrosion at temperatures abo

500-600°C. In a S-C02 Brayton cycle gas turbine, corrosion can lead to deteriorati

strength in essential components, in addition to clogging throughout piping, pumps

and microchannel heat exchangers. For these reasons, corrosion testing of candidat

materials in S-C02 is an important step in preliminary design of Brayton cycle gas
turbines.
The majority of testing has been conducted in an autoclave apparatus using sam-

ple coupons for periods up to 3000 or more hours. This testing offers an opportuni
to begin an understanding of the kinetics and mechanics of corrosion in S-C02 and

learn the operational temperature limits of select materials, while highlighting m
rials that should be further investigated.

Recent Laboratory Research
A thorough review of previous S-C02 corrosion testing was conducted to assess the

range of materials and extent of testing that has been completed. Table 5 summariz

these results, while adding to the literature review contained in Moore (2012) [18

A graphical representation of recent test conditions in comparison to the presente
Carleton-NRCan testing is illustrated in Figure 20:
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Figure 20: Corrosion studies with S-C02 [18].

The most relevant S-C02 testing to this work, was performed by Gibbs (2010) [7]
and Dunlevy (2007) [6] from Massachusetts Institute of Technology, in addition to
Cao and Sridharan (2011) [21] from the University of Wisconsin-Madison. Their

testing included nickel-based superalloys and stainless steels, in addition to a v
of carbon steels with chromium additions. Analysis was conducted by recording

change in weight, visual inspection, and later use of a scanning electron microsco
and x-ray spectroscopy. Under testing conditions that ranged from 610-750°C and
12.5-20.7 MPa in 99.9999% C02, superalloys were found to have outperformed all

other alloys. High chromium autstenitic stainless steels, such as alloy 316, perfo
much better than low chromium alloys, which were found to be unsuitable for S-C02
operations. Some of the most notable results from Dunlevy (2007) [6] are included
Table 4 using the corrosion rig design found in Figure 21.
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Average Starting

Allov

Average Weight Gain

Average Weight Gain

Total Weight

Weight (mg) (mg) 0-250 hours (mg) 250-500 hrs Gain (mg)

IN-690

26.04

0.07

0.01

0.08

IN-693

30.59

0.03

0

0.03

IN-718 (EG)

35.60

0.04

0

0.04

IN-718

19.84

0.03

0

0.03

IN-725 (EG)

33.34

0.05

0.01

0.06

IN-725

15.92

0.05

0

0.05

IN-740

26.53

0.04

0

0.04

IN-740+

34.54

0.02

0.01

0.03

A U S S 316L

17.28

0.69

0.42

1.11

Table 4: Resulting weight gain of superalloys in S-C0 2 from [6].
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Figure 21: M I T S-C0 2 corrosion test rig [7].

Weight gain results from testing completed at the University of Wisconsin-

Madison is included in Figure 22. where testing was conducted for up to 3000 horns

at 650°C and 20.7 MPa. These results show favourable corrosion resistance for nick
base superalloys such as IN-625 in comparison to 316SS and 310SS.
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PM2000

PE16

Haynes230 Alloy 625

316SS

310SS

Figure 22: Results of S-C0 2 corrosion testing from the University of WisconsinMadison [21].

A number of studies have experimented with corrosion of alloys in S-C02 with

impurities such as: water, oxygen, sulphur dioxide, and methanol. All known testin

from [22-25] used either low alloyed steels, stainless steels, or aluminium in con
ranging from 50-500°C and 2.4-8 MPa for short periods of time. The exception
to this was Antill et al. (1968) [24] who reported experiments ranging from 400010,000 hours. The addition of water to the environment had a severe impact on the

corrosion rate of carbon steels. The addition of 10% methanol also attacked sample
aluminum 2024, and copper CDA101 under low temperature and pressure conditions.
Under test conditions of 500°G the addition of water had a significant impact on

samples of low alloy steel A [24]. Furthermore, studies with 02 additions saw a ra
increase in corrosion [23].
Testing was conducted by Loriers et al. (1968) [26] on 10 alloys consisting of
different concentrations of less than 2.5% Cr. 1.0% Mo, and 0.6% Ni. The tests
were conducted up to 550°C and from 2.5-6 MPa for 6000 horns. It was found that
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alloys with the highest concentrations of chromium and nickel performed the best i
S-C02. Under the relatively low pressure conditions, there was not found to be a

large correlation between pressure and corrosion rates. Further alloying with 0-1%

Si in showed a significant decrease in corrosion rates when exposed to C02 at 500°

and ambient pressure [27]. These results were later confirmed with testing from Li
et al. (2012) [28] in testing alloys with varying amounts of chromium, aluminum,

and silicon in iron-base metals. At low pressures and a temperature of 800°C, it w

found that low additions of chromium resulted in an unproductive oxide scale in we
and dry C02 conditions. The alloys with at least 6% Al or a combination of Al and
Si were able to produce a protective oxide layer in dry C02.

Stainless steels 316 and 316L are typically outperformed by nickel-base alloys but

have still been considered acceptable under most circumstances [29]. These austeni

steels that also include 800H and S30815, have shown to be more corrosion resistan
than ferritic-martensitic T91 steels when tested at 550°C and 25 MPa [30].
Testing at 650°C and 11.5-22.5 MPa was conducted for MA956, MA 957, PM2000,
HY9, 316L, T91, and EP823 by Lim et al. (2008) [29]. The highly alloyed samples
that contained aluminum and chromium were effective in producing a duplex alumina/chromia protective oxide film.
Carburization was found in T91 testing from Rouillard (2010) [30] at a temperature of 550°C and pressure of 25 MPa. Although short tests of only 310 hours,

the alloy quickly formed a corrosion layer of Fe304. The resulting cross-section is
illustrated in the EDX map of Figure 23.
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Figure 23: E D X scan of F91 after 310 hours at 550°C and 25 M P a in S-C0 2 [31].

From Rouillard (2010) [30], carburization was suggested to have occurred through
the Boudouard reaction. This reaction begins with the reaction of carbon monoxide
with metal to produce a metal oxide (magnetite) and carbon monoxide:

3Fe + AC02 -> Fe304 + ACQ

(7)

The resulting carbon monoxide then contributes in the deposition of carbon within
the metal through the Boudouard equation:

2CG -> C02 + C

(8)

A brief summary of documented C 0 2 corrosion testing is provided in Table 5,
organized by alloy type.
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Alloy

T e m p (°C)

Pressure (MPa)

Duration (Hours)

Impurities Used

H2C\ C H j O

Reference

C h r o m i u m a n d C a r b o n Steels
316 SS

50

2.4

24

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

400-600

20

2000

Furukawa et al. [32

550

25

310

Rouillard et al. [30

650

11.5-22.5

3000

650/714/750

20/12.5

500-1000

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

610

20

3000

Gibbs [7

650

20.7

3000

Sridhavran et al. [21

304 SS

50

2.4

24

H20, CH4O

Russick et al. [22

1018

50

2.4

24

H20, CH4O

Russick et al. [22

550

6

6000

Loriers et al. [26

400-600

20

2000

Furukawa et al. [32

316L SS

j2.5% Cr Steels
12-Cr Steel
2.5% Cr Steels

Russick et al. [22

Lim et al. [29
Dunlevy [6

550

6

6000

API 5 L X65

50

8

120

02, H20, S 0 2

Carbon Steels

90

8.274

24, 96, 144

H2Q

Fe-(l,2,3%)Si

800

Low

Minimal

Li et al. [28

Fe-(2,3%)Si-(6%)Al

800

Low

Minimal

Li et al. [28

Fe-(2,4,6%)A1

800

Low

Minimial

HCM12A

650

20.7

3000

Low alloy Steels

500

2

4000-10000

Mild steel

600

4

Rimming Steel

500

2

4000-10000

T91

550

25

310

Loriers et al. [26
Choi et al. [23
W u et al. [25

Li et al. [28
Sridharan et al. [21

H20

Antill et al. [24
Shropshire et al. [33

H20

Antill et al. [24
Rouillard et al. [30

Aluminum
2024

50

2.4

24

H20, CH4O

Russick et al. [22

6061

50

2.4

24

H20, CH4O

Russick et al. [22

7075

50

2.4

24

H2Q, CH4O

Russick et al. [22

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

550

25

310

Rouillard et al. [30

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

650

11.5-22.5

3000

610

20

3000

Gibbs [7

650

20.7

3000

Sridharan et al. [21

690

650/714/750

20/12.5

500-1000

Dunlevy [6

693

650/714/750

20/12.5

500-1000

Dunlevy [6

718

650/714/750

20/12.5

500-1000

Dunlevy [6

725

650/714/750

20/12.5

500-1000

Dunlevy [6

740

650/714/750

20/12.5

500-1000

Dunlevy [6

740+

650/714/750

20/12.5

500-1000

11.5-22.5

3000

Highly Alloyed
625
800H

Haynes 230
AL-6XN
PM 2000

EP823

650

HCM12A

610

20

3000

11.5-22.5

3000

Lim et al. [29

Dunlevy [6
Lim et al. [29
Gibbs [7
Lim et al. [29

HT9

650

1-617

1000

7

175

Totemeier et al. [34

M A 754

1000

10

500

Totemeier et al. [34

M A 956

650

11.5-22.5

3000

Lim et al. [29;

M A 957

650

11.5-22.5

3000

Lim et al. [29^

PE16

610

20

3000

Gibbs [7

P E 1 6 In-CM-639P

650

20.7

3000

Sridharan et al. [21
Rouillard et al. [30^

S30815

550

25

310

TP1

650

11.5-22.5

3000

Lim et al. [29

Table 5: A summary of studies for corrosion in S-C0 2 . Extended from [18].

Chapter 3

Experimental Approach

3.1 Materials
The experimental materials were chosen in support of the Carleton-NRCan S-C02
Brayton cycle design, where candidate materials were being investigated for various
components of compressor, turbine, heat exchanger, and process piping. Based on
the design and simulation results, materials in the turbine and heat exchanger were
to be exposed to a temperature of up to 700°C and a pressure of 25 M P a . These
simulation results also indicated a requirement for materials compatible with operating conditions of 550°C and down to 15 M P a , For this reason, four test points of
15 MPa/550°C, 25 MPa/550°C, 15 MPa/700°C, and 25 MPa/700°C were chosen for
an investigation of material compatibility with S-C0 2 . A sample set of each material
was to be exposed to each combination of pressure and temperature for 1500 hours.
For the purpose of investigating pressure effects on oxidation, two additional sample sets were used where one was exposed to 1500 hours of 15 MPa/550°C and then
an additional 1500 hours of 25 MPa/550°C. The second additional sample set was
exposed to the same conditions except at 700°C.

43

44

3.1.1

Austenitic Stainless Steel

The materials chosen for experimental analysis were based on an investigation into
candidate materials for the operating conditions of the Carleton-NRCan Brayton cycle design. In an effort to minimize manufacturing costs of the Brayton cycle, stainless
steel would provide a cost effective alternative to conventional superalloys where appropriate. The austenitic stainless steel alloy, 316, was chosen as a baseline test alloy
for a number of reasons. 316SS has been tested under several S-C0 2 conditions,
such as [6,7,22], which serves as a point of comparison to ensure repeatable results.
Furthermore, previous S-C0 2 testing did not reach the limits of 700°C and 25 M P a ,
or characterize the effect of pressure by exposing a sample set to different pressure
conditions.
316SS was chosen for potential applications in the manufacturing of compressor
components in the Carleton Brayton cycle gas turbine. Due to the low operating
temperature in the compressor region of just above the C 0 2 critical point of 31.1°C,
316SS could offer a cost-effective alternative to superalloys due to its strength, stability, and corrosion resistance. Further investigation was required to understand the
limits of the alloy's corrosion resistance to S-C0 2 in terms of temperature and pressure to better understand other areas of the Brayton cycle gas turbine where it could
be used.
316SS is a chromium-nickel steel with molybdenum additives, which increases
corrosion resistance and strength at high temperatures [35]. It is available in a low
carbon form that is particularly useful in weldment applications due to low susceptibility to the formation of carbides. 316SS offers better corrosion resistance than alloy
304SS and is extensively used in a variety of industries that include: pharmaceuticals,
photography, H V A C , and marine equipment [35].
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3.1.2 Nickel-Base Superalloys

Candidate materials for high temperature portions of the Brayton cycle gas turbine
are the iron-nickel-base IN-718 and nickel-base IN-738 alloys. Both materials have
highly alloyed compositions as outlined in Table 6, which are specifically designed for
high corrosion resistance, stability, and strength at temperatures exceeding 540°C.
From a preliminary investigation of candidate materials, IN-718 and IN-738 have
potential for use in the manufacturing of the Carleton-NRCan gas turbine based on
factors of strength, creep resistance, and availability. IN-718 has had limited corrosion
testing in S-C0 2 based on results from Dunlevy 2007 [6]. There were no results found
for corrosion testing of IN-738 in S-C0 2 .
T w o samples of IN-625 were also added to the sample set to monitor oxidation
of the IN-625 pressure vessel throughout testing. These two samples were exposed
to a total of 6000 hours at each combination of pressure and temperature: 15 M P a ,
25 M P a , 550°C. and 700°C.
Composition (%)
Alloy

Cr

Ni

625
718

21.5

61

19.0

738
316

Co

Mo

Nb

Ti

3.6

0.2 0.2

52.5

9.0
3.0

5.1

0.9 0.5 18.5 0.08

16

61.5

8.5 1.75

16-18

10-14

2-3

2

Al

3.4 3.4

Fe

C

Other

2.5 0.05

...
Bal

0.17

0.15 C u
O.lZr. 0.01B, 2.6W

0.08 2 M n , ISi, 0.045P, 0.03S

Table 6: Nominal compositions of test alloys. [8,36]

3.2

Sample Preparation

All 90 samples were prepared using the same method for sectioning, surface polishi
and cleaning, in order to reduce variability between the samples. The three alloys
of 316SS, IN-718, IN-738 were sectioned from 12.7 m m diameter round bar to a
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thickness of approximately 1.2 mm using a Buehler Isomet 1000 saw. This thickness

was chosen to maintain a high surface area to volume ratio that would provide bett
weight gain measurements. An investigation was conducted and found that the as
received surface condition of the test alloys could range from 400-800 grit [6,7].

this reason, the samples were prepared to a 600 grit finish to better characterize
use of alloys under industrial conditions.
After sectioning, a 3.97 mm (5/32") hole was drilled approximately
3.18 mm (1/8") above the centre of each coupon. A drill rig was manufactured

and used to ensure identical hole placement for all samples. The purpose of the ho
is to allow the coupons to hang from the alumina rod in the specimen boat. The

samples were then wet-polished with four stages of SiC abrasive paper in increment

of 120, 240, 400, and 600 grit finishes. The samples were rinsed with water betwee

stages and finally cleaned in a bath of ethyl alcohol in an ultrasonic cleaner for
minutes.

3.2.1 Labelling of Coupons

The labelling of the samples consisted of a three number tag, [x][xx], where the f
number represents the material type, and the second two numbers represents the

sample number of that alloy. Table 7 illustrates the numbering of the samples. The
number was engraved into each coupon using a hand engraver, as shown in Figure
24.

47
316SS

IN-718

IN-738

IN-625

101

201

301

401

102

202

302

402

103

203

303

104

204

304

105

205

305

130

230

330

Table 7: Coupon numbering scheme.

216

mmm

L

J

12.7 m m
Figure 24: Sample 16 of IN-718.

3.2.2

Au-Pd Coating

In an effort to identify the original alloy surface prior to corrosion, a portion
sample's surface was sputter coated with Au-Pd. All of the samples were masked
using copper tape except for an area approximately 3.18 m m (1/8") from the edge
of the coupon. The small strip of exposed surface was to be used as a marker for
post-analysis when the coupon was later sectioned. This marker would identify the
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location of the original surface prior to oxidation and could be used to quantify the

direction and magnitude of oxide layer growth. Figure 25 shows a number of coupon
that have been masked prior to, and after, sputter coating.

Before Sputter Coating

Figure 25: Coupons before and after sputter coating with Au-Pd.

An Anatech Ltd. Hummer VII sputter coating machine was used to deposit AuPd onto the unmasked surface of the coupons. Figure 26 shows the coupons under
vacuum with Argon plasma used as the medium for transferring Au-Pd from the
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source ring to the coupons below.

Figure 26: Au-Pd sputter coating using Argon plasma.

After the Au-Pd coating was complete, the sample mask was removed and the
samples were once again cleaned in an ethyl-alcohol bath in an ultrasonic cleaner for
45 minutes. The coupons were then dried and stored in individual resealable bags
and placed in a desiccator until used in the corrosion test rig.

3.3 The Carleton-NRCan S-C02 Corrosion Rig

The corrosion test rig was developed in partnership with Carleton University and t
Zero-Emission Technologies group of CanmetEnergy - Natural Resources Canada.
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Located at the CanmetEnergy site in Bells Corners, Ontario, the rig was commissioned and began corrosion studies in September 2011. The following sections detail
the design and operation of the corrosion test rig as it applies to the corrosion research
conducted.

3.3.1 Rig Design
The Carleton-NRCan S-C0 2 corrosion test rig is an autoclave design for testing a
series of metal coupons at a variety of temperature and pressure combinations. The
rig offers the ability to monitor the kinetics and overall compatibility with small
samples of candidate materials in S-C0 2 . The rig was designed to accommodate metal
coupons with a diameter up to 12.7 m m (0.5") at a m a x i m u m operating temperature
of 750°C at 15 M P a or 700°C at 25 M P a , at a flow rate of approximately 1 L/hr [9].
Designed in support of the Carleton University S-C0 2 Brayton Cycle Test Loop, the
rig's test envelope reflects operational conditions for materials in a S-C0 2 Brayton
cycle.
The test rig is an open system with a continuous supply of C 0 2 of at least 99.9 %
purity, which can be controlled using a two-stage needle valve assembly forflowrates
ranging from 0.5-15 L/hr. The system can be isolated at either end using shut-off
ball valves for static experiments. The C 0 2 is supplied at a pressure of 1.52 M P a
andflowsthrough a 15.0 [im particulatefilterto a two-stage GBT-15/30 gas booster.
The C 0 2 is then routed through a 7 /jm particulatefilterto a 300 m L buffer tank in
an effort to minimize pressure pulsations during booster operation. Prior to entering
the pressure vessel, the C 0 2 passes the Flowsafe F84-M safety relief valve, a S F A Z
rupture disk, and an Endress+Hauser Cerabar S P M P 7 1 pressure transducer. A series
of O M E G A ® K Q I N thermocouple probes are positioned at various locations inside
and around the pressure vessel, as illustrated in Figure 28. A thermocouple probe
is inserted from both ends of the pressure vessel and are positioned approximately
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Figure 27: The Carleton-NRCan S-C0 2 Corrosion Test Rig [9].

50 mm from either end of the specimen boat. All pressure and temperature devices
are sampled and recorded using a Graphtec GL820 data logger.

Beyond the passive safety features of the relief valve and burst disk, active safe

features are enabled by the Graphtec data logger's alarm channels. The alarm channels are set to maximum levels of pressure and temperature and connected to a

normally-open relay that supplies power to two normally-closed solenoid valves. Wh

an alarm is triggered, the relay interrupts power to the solenoid valve, which shu
off the supply of C02 and compressed air to the gas booster.
The centre section of the pressure vessel is heated by a 3-zone Thermocraft XST-

6-0-24-3V furnace, which is controlled using a Thermcraft 3-1-40-230-E15SP furnac
controller. The furnace controller can be programmed to a number of automatic

heating patterns at specific rates and times. For all operation of this rig. the f

controller was programmed to increase temperature at a rate of 200°C/hr to a targe
temperature (set prior to the test).
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Figure 28: The Carleton-NRCan S-C0 2 Corrosion Test Rig P&ID.
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The pressure vessel was designed in accordance to ASME VIII-1 Boiler and Pressure Vessel Code (2007) and approved for a Canadian Registration Number (CRN)

for operating conditions up to 750°C at 29.41 MPa and 800°C at 17.65 MPa, in order

to provide internal gas conditions of 750°C at 15 MPa or 700°C at 25 MPa for corro

sion testing [9]. The pressure vessel was manufactured from IN-625 with an interna

diameter of 19.05 mm (0.75"), and length of 1460.5 mm (57.5") in order to allow spa

for heat dissipation before reaching the end caps. The end caps are 316-SS Grayloc

connectors composed of blind hubs, clamping assembly, and a polytetraflouroethylen
coasted sealing ring, as depicted in Figure 29.

Before Tightening

After Tightening

Figure 29: Grayloc® clamping mechanism [9].

Material coupons are designed to hang in an alumina specimen boat, shown in
Figure 32, and are separated with 3.18 mm (1/8") alumina spacers. The specimen
boat positions the coupons in the centre of the pressure chamber and electrically
isolates them from the pressure vessel and each other.
The flow of C02 is controlled through a two-stage needle valve downstream from
the pressure vessel. Variable from 0-15 L/hr. all testing that has been conducted

with the rig has used a flow rate of approximately 1 L/hr. With an internal volume
of approximately 0.416 L, a rate of 1 L/hr "feed-and-bleed" flow would expect a
complete replenishment of C02 in slightly over two hours of operation.
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In order to minimize heat loss from the test section of the pressure vessel, heat
reflectors were added to either side of the thermocouple probe during commissioning.
Spaced 25.4 m m apart and starting at the outermost edge and working towards the
centre of the furnace, three 19.05 m m diameter molybdenum disks are fastened to the
thermocouple probe on each side of the pressure vessel. The resulting temperature
profiles for the furnace were dramatically improved and considered acceptable for
testing based on thermal profiles within the pressure vessel, such as Figure 30. Further
details regarding the commissioning can be found in [9].
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Figure 30: Internal thermal profile of pressure vessel at 700°C [9].

O

55

Figure 31: Molybdenum heat reflectors on thermocouple probe [9].

3.3.2 Rig Operation

The corrosion test rig is an autoclave design where sample coupons are loaded onto

an alumina specimen boat and placed in the centre of the pressure vessel. Both Gra
loc® end-caps must be loosened and removed to enable positioning of the specimen

boat in the pressure vessel, which also requires the removal of the pressure trans

ducer and C02 process piping at both ends of the pressure vessel. These fittings a
all assembled using Swageiok® components for rapid removal and assembly while
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providing an effective seal.
The specimen boat is loaded into the pressure vessel using a small metal rod to

push it into the middle of the pressure vessel. With the specimen boat in place, t
pressure vessel end caps, process piping, and thermocouples can be assembled. The

Grayloc® fittings should be tightened to a torque of 55 lb-ft, while the Swageloc®
fittings should be tightened to not allow leakage of C02 when pressurized.
With the pressure vessel fully assembled, the main C02 supply valve can be opened

to fill the entire rig with C02. The downstream isolation valve should be momentar

closed to ensure the rig is maintaining a pressure of approximately 1.5 MPa. Poten

leaks at all fittings can be checked using Snoop liquid and observing for bubbles.

any leaks are rectified, the downstream isolation valve can be opened and the flow
control valve can be opened to a rate of 10 L/hr. The high flow rate, which is
maintained for 4 hours, ensures the entire rig is purged of air.
With the rig at a pressure of 1.5 MPa and flow rate of 10 L/hr, the heating
process can begin by turning on the power to the furnace controller. The furnace
controller is programmed to increase temperature at a rate of 200°C/hr to set the

target temperature. Based on commissioning results discussed in detail in [9], the
furnace set points for various target temperature are listed in Table 8.
Due to the increase in thermal conductivity of the C02 when operating at 25 MPa,

the set points need to be increased by approximately 30°C in each zone to maintain
desired operating temperature. This adjustment in target temperature set point

brings the temperature readings from the thermocouples at each end of the specimen
boat in line with commissioning results.

In preparation for testing, the flow rate should be decreased to a rate of 1-2 L/h

for testing from the 10 L/hr flow used during heating of the pressure vessel. This

rate is approximately equivalent to one bubble per second exiting the flask detail
in Figure 28.
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C02

Set Points (°C)

Temperature

Zone 1

Zone 2

Zone 3

400
450

490
540

380

490

425

540

500

585

470

585

550

635

520

635

600

680

570

680

650

720

620

720

700

770

670

770

750

820

725

820

Table 8: Furnace controller set points for 15 M P a . [9]

The internal temperature of the pressure vessel can be read on the Graphtec data
logger using the thermocouple probes inserted from each end of the pressure vessel.
Once the internal temperature has reached the desired target temperature, the process
to bring the rig to operating pressure can begin.
The process to increase the rig pressure involves increasing the compressed air
supply pressure to the GBT-15/30 gas booster. The regulator upstream from the
booster should be completely closed before the compressed air supply is opened. As
the compressed air supply valve is opened, the air supply line and regulator are
pressurized. The pressure gauge on the side of the regulator displays the supply
pressure to the gas booster, which is directly correlated to the C 0 2 output pressure
through the following formula from [37]:

p0 = 30 • Pa + 2 • Ps (9)

P0 represents the outlet stall pressure of the gas booster, while Pa is the compre
air supply pressure and Ps is the supply C 0 2 supply pressure.
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The air supply pressure can be increased in by adjusting the regulator. The

air supply regulator can quickly be increased to approximately 45 psi and then lef
for twenty minutes to allow the system to stabilize in temperature and pressure.

The pressure vessel pressure should be closely monitored for temperature, pressure
leaks, and flow rate adjustment as pressure is increased using the booster pump.
With the rapid compression of C02, there is an immediate proportional increase in
temperature, which causes an additional increase in pressure. This heating effect

is magnified in the buffer tank and can cause the pressure vessel to quickly overpressurize beyond the output pressure of the booster. The buffer tank temperature
can be monitored through thermocouples connected to the line-heater controllers.

Once this temperature has dissipated and stabilized, the air supply pressure can b

increased in small increments while closely monitoring the pressure vessel pressur

and buffer tank temperature. The air supply regulator can continue to be increased

in increments of 10 psi until the buffer tank pressure exceeds 50°C. At this time,

pressurization should pause for twenty minutes to allow the buffer tank to stabili

The rate of pressurization should decrease to about 2-3 psi per 5 minutes when the

pressure vessel has reached a pressure within 3 MPa of the desired test pressure i
order to allow the entire system to stabilize.

3.4 Experimental Procedure

Corrosion experiments were conducted in a series of six sample sets of 1500 horns,
where samples were weighed and photo documented in intervals of 100, 250, 500,

1000, and 1500 hours. 90 samples were used for the experiment, 30 of each alloy of
316SS, IN-718, and IN-738. Since the pressure vessel was manufactured from IN-625,

two additional sample coupons of IN-625 were manufactured and added to the testing

to monitor oxidation within the vessel. These samples were placed at each end of t

59
specimen boat.
Exposure Time (Hours)

316 SS

IN-718

Temp (°C) 15 MPa 25 MPa

550
550

1500

550
700
700
700

15 MPa 25 MPa 15 MPa 25 MPa
1500

1500 + 1500

1500

1500 + 1500

1500
1500

1500 + 1500

1500
1500

1500 + 1500

IN-738

1500

1500 + 1500

1500

1500

1500 + 1500

1500

1500

Table 9: Test matrix.

The first ten of each alloy were loaded onto the alumina specimen boat in an

alternating pattern, as represented in Figure 32. The alternating pattern allowed

similar positioning of the coupons from alloy to alloy, which helped to negate an
difference in weight gain between alloys that could be attributed to location in

specimen boat. The specimen boat was loaded so that the labelled side of the coupo
consistently faced towards the flow of C02.
401 -101 -201 -301-102-202-302-103-203-303-...-110-210-310-402

myv«»» —w^^mwMiiw"' ' •^bf^n"m¥^^wmMm"'

'*•"""*"*"•'"'"

S-C02 Flow
Figure 32: Coupon loading of specimen boat.

With the specimen boat loaded and the rig assembled, experiments began with

the heating and pressurization of the pressure vessel, as detailed in Section 3.3.

Line heaters that were installed around the upstream process piping were not used

during any experiments due to the installed controllers causing large fluctuation
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temperature. When operational, the two line heaters in series would cause unstable

fluctuations in temperature, and therefore pressure, throughout the buffer tank an

lines leading to the pressure vessel. These fluctuations in pressure would cause t

pressure relief valve to open and subsequently remove 50% of the C02 in the pressu

vessel. At this point, the gas booster would attempt to rapidly pressurize the cha
The rapid pressurization of C02 would cause an increase in temperature, causing a

further increase in pressure, and would cause the pressure vessel to over pressuri

resulting in the pressure relief valve to open again. It was decided that until pr

fine heater controllers were installed, the line heaters would not be used in orde
avoid the unstable and continuous cycling of the pressure vessel.
Line heater controllers with faster cycle times and PID gain settings are to be

installed for future experiments. Alternatively, a conventional space heater was u

to heat the gas booster and process piping leading to the pressure vessel. The spa

heater was effective in maintaining a consistent temperature above 35°C in an effo
to keep the C02 supercritical.
The rig was first heated to test temperature by setting the target temperature
in the furnace controller. The controller automatically heats the pressure vessel
a rate of 200°C/hour and maintains target temperature based on its thermocouple
probes positioned on the exterior of the pressure vessel. Without pressurized C02
the pressure vessel, the interior temperature will exceed the desired temperature
to a lower thermal conductivity of the fluid. When target temperature was reached

within the pressure vessel, the pressure vessel was pressurized using the regulato

increase the air supply pressure to the gas booster. Pressurization would continue

until the pressure vessel was stable at approximately 0.2 MPa above target pressur
The rig would be left for 8-10 hours to allow for the entire system to stabilize,

the pressure to drop by 0.2-0.3 MPa. After the system was stable, the pressure co
be adjusted to the target temperature. A representative recording of temperature
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and pressure for a 250 horn experiment is illustrated in Figure 33.
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Figure 33: Internal pressure and temperature of corrosion test rig during typical
run.

Figure 33 shows small drops in pressure intermittently throughout the test. These

points are attributed to the gas booster stalling due to worn internal seals that
teriorated throughout the experiments. At the higher test pressure of 25 MPa. the

booster was subject to higher loads and the added friction from the worn seals wa
not large enough to stall the booster cycles.
The corrosion experiment was conducted in two stages: at 550°C and 700°C. A
total of 3000 horns of testing was conducted at each temperature, where the first
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horns was at a pressure of 15 MPa, and then increased to 25 MPa for the remainder o

the test. Out of the thirty samples used of each material, twenty were evenly divi
between each of the four combinations of pressure and temperature for a maximum
of 1500 hours. The remaining ten samples experienced the increase in pressure and
remained in the pressure vessel for a total of 3000 hours.
The samples were removed at each test interval for weight change and photo
documentation. One sample from each allow was removed in a systematic fashion

and stored in a desiccator for future analysis. The first set of samples removed w

the front row in the specimen boat (samples 101. 201, and 301), while the next set

samples removed were the rear set (samples 110, 210, and 310). After 1500 hours, t
test pressure was increased to 25 MPa and a new set of five samples of each allow

added to the specimen boat and replaced the five that had previously been removed.
This method of sample positioning was employed to limit the effects of change in
position on oxidation behaviour in the specimen boat.

Coupon Removed
Pressure (MPa)

Time (hrs)

316 SS

IN-718

IN-738

Start of Test

15

100

101

201

301

15

250

110

210

310

15

500

102

202

302

15

1000

109

209

309

15

1500

103

203

303

201, 211

301, 311

Samples 11-15 Added

25

1600

104, 111

25

1750

108, 115 208, 215 308, 315

25

2000

107, 114 207, 214 307, 314

25

2500

105, 112 205, 215 305, 315

25

3000

106. 113 206, 213 306, 313

End of Test

Table 10: 550°C experiment: removal of coupons.
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Coupon Removed
Pressure (MPa)

Time (hrs)

316 SS

IN-718

IN-738

Start of Test
100

116

216

316

250

125

225

325

500

117

217

317

1000

124

224

324

1500

118

218

318

Samples 26-30 Added

25

1600

119, 126 219, 226 319, 326

25

1750

123, 130 223, 230 323, 330

25

2000

120. 127

25

2500

122, 129 222, 229

25

3000

121. 128

220, 227 320. 327
322, 329

221, 228 321. 328

End of Test

Table 11: 700°C experiment: removal of coupons.

3.5 Coupon Characterization

A total of 90 coupons were used in the corrosion testing of 3 materials. At each t
interval outlined in Tables 10 and 11, all of the coupons in the specimen boat were
removed from the pressure vessel. Each coupon was photographed and then weighed
using a Sartoris BP211D balance with an accuracy of 0.00001 g ± 0.01 mg.
After completion of testing, a select set of coupons were chosen to be sectioned
using a Buehler Isomet 1000 precision saw and mounted using Buehler Epomet F
compression mounting compound. The coupon cross sections were then prepared in
four stages of SiC abrasive paper: 120, 240, 400, and 600 grit roughness, coupons
were cleaned using ethyl alcohol, dried, and stored in a desiccator prior to further
analysis.
The coupon cross sections were imaged using the Tescan Vegall X M U scanning
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electron microscope at Caxleton University. Visual images were prepared using secondary electron imaging at magnifications from 60-7000x magnification. The main
purpose of visual inspection was centred on the condition, structure, and adherence
of the oxide layer. Figure 34 shows the placement of coupons within the S E M for
visual and E D X analysis.

Figure 34: Placement of samples in S E M .

After visual inspection, an elemental analysis was conducted using an Oxford Inca
Engery 250X E D S . At a magnification of 2000x, four points were chosen horizontally
through the oxide and alloy cross-section, as illustrated in Figure 35. These results
provide a means to understand compositional change within the alloy and formation
of the oxide layer.
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Figure 35: Elemental analysis of sample cross-section using Oxford Inca Engergy
250X E D S . Points 1-4 represent analysis locations at magnification.

Chapter 4

Results and Discussion

The following section outlines the results from corrosion testing of three alloys:
738, IN-718, and 316SS. A total of 90 samples were used, 30 for each material, and
were divided into six sample sets for testing in four different environments. A sample
set was applied to each condition of: 550°C/15 M P a , 550°C/25 M P a , 700°C/15 M P a ,
and 700°C/25 M P a , each for 1500 horns. The remaining two sample sets were tested
for a total of 3000 hours at constant temperature, but experienced an increase in
pressure from 15 M P a to 25 M P a after thefirst1500 hours. These test conditions are
outlined in Tables 9, 10 and 11 on pages 59, 62, and 63, respectively.
The analysis is categorized into three sections: oxide surface characterization,
weight gain, and cross-section characterization. The weight gain measurements taken
at each time interval identify the magnitude of oxide growth on the sample. The kinetics of oxidation can be interpreted from the weight gain and compared to conventional
growth rate laws to determine the oxide's ability to form a protective barrier against
corrosion. Further interpretation as to the composition, structure, and integrity of
the oxide are done through visual and elemental analysis of the sample cross section,
in addition to visual inspection of the oxide surface.
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4.1 Oxide Surface Characterization

At each test interval, all of the samples were photo documented to monitor surface

oxide growth. From the visual inspection, the oxide formation was observed through
change in colour and surface texture of the samples. Two images are included as

Figures 36 and 37 for comparative purposes. Figure 36 includes samples after a tot
of 1500 hours at 15 MPa and 550°C in addition to 100 hours at 25 MPa and 550°C.
Figure 37 includes samples from the same time interval except at a temperature of
700°C.
In Figure 36, samples 11 to 15 have been exposed to 100 hours at 550°C and
25 MPa. These samples have all changed colour based their initial oxide growth in

the first 100 hours. The 316SS samples (111-115) quickly turn a gold colour, which

can be attributed to the initial growth of iron oxide. The IN-718 samples (211-215

and IN-738 (311-315) have all turned a varying shade of dark grey, while the IN-73

samples have a shght blue appearance. The blueing of the metal could be due to the

growth of nickel and chromia oxide, while IN-718 could be a combination of nickel,

chromium, and iron oxide. Besides the initial colour change, no other observations
can be made from these samples.
With respect to the samples that have already been exposed to 1500 horns at

550°C and 15 MPa, the significant exposure to carbon has resulted in a dark-grey a

pearance. Throughout testing at 550°C, was any evidence of spallation or breakaway
corrosion observed.
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Figure 36: Photos of coupons after 100 hours of exposure to 550°C/25MPa S-C02.
Coupons 4-8 have been already been exposed for 1500 hours at 15 MPa.
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In comparison, Figure 37 illustrates samples from the same time interval, except
at 700°C. Samples 26 through 30 have been exposed to only 100 horns and the discolouring of the coupons has been exaggerated. Oxidation can also be noticed in
the areas of contact between the coupons and the alumina spacer used to separate
coupons in the specimen boat. An attempt was made when loading the specimen

boat to allow space between the spacers, but oxidation in these areas was inevitab
At this temperature, significant oxide growth was observed on 316SS coupons
after 1500 hours. The surface of these coupons (19-23) was rough, uneven, and
discontinuous. This appearance correlates with SEM images and weight change data,

which explains the linear oxide growth rate and inability of 316SS to form a prote
oxide at 700°C.
Coupons 219-230 are IN-718 that have been exposed to 100 hours (26-30) and

1600 hours (19-23). The appearance of oxide growth did not vary beyond the initial

darkening of the coupon. The oxide was thin and continuous across the entire surfa
Similar to IN-718, the IN-738 coupons did not vary beyond the initial darkening

and blueing of the surface. The oxide was continuous and appeared to be well adher
to the substrate.
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Figure 37: Photos of coupons after 100 hours of exposure to 700°C/25MPa S-C02.
Coupons 19-23 have been already been exposed for 1500 hours at 15 MPa.

71

4.2

Weight Gain Analysis

At each test interval of 100, 250, 500, 1000, and 1500 hours, each coupon was remo
from the pressure vessel and weighed using a Sartoris BP211D balance with an accuracy of 0.00001 g ± 0.01 mg. Each coupon was weighed until three measurements
were recorded within 0.02 m g of each other. This section offers a comparison between
the alloys in terms of these measurements over 1500 hours of testing at four different
environments of pressure and temperature. Furthermore, the results are plotted to
interpret corrosion dependance on temperature and pressure.

4.2.1 Comparison of Test Alloys
The three alloys that were tested included: austenitic stainless steel 316, iron-nickelbase superalloy 718, and nickel-base superalloy 738. Based on the test matrix of Table
9, a total of 20 coupons of each alloy were exposed to conditions at 15 M P a , while the
remaining 10 were exposed to 25 M P a . These pressure conditions were split between
two temperatures of 550°C and 700°C. These results for each coupon has been plotted
in Figures 38 and 39. The measurements at each time interval represent the change
in weight from the coupon's original weight, normalized by its surface area.
Since the pressure vessel was manufactured from IN-625, two additional coupons
were added to the front and rear of the specimen boat to monitor corrosion of the
test rig itself. Although a lower strength alloy relative to IN-718 and IN-738, IN625 exhibited excellent corrosion resistance in comparison to the other alloys. For
comparative purposes, the weight change results for IN-625 has been plotted with the
other alloys. The results for each alloy from 550°C are shown in plots of Figure 38,
while 700°C results are found in plots of Figure 39.
At 550°C, there did not appear to be a clear differentiation between IN-718 and
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316SS, although there was significantly less scatter in the IN-718 results. The co

rosion rate of IN-738 was far superior to the other two alloys under these conditi

by a factor of approximately two. The IN-738 oxide layer appears to be significant

better protection from the beginning, and should be due to the difference in alloy
elements, namely iron, which generally becomes unstable at higher temperatures.

In comparison, the 700°C results show a significant difference in oxide growth rat

between the 316 stainless steel and the nickel-base superalloys. The 316SS coupons

follow a linear growth trend and the produced oxide is considered unproductive due

to its inability to slow the rate of oxide growth. After 1500 hours of exposure, t

no evidence that the oxide growth rate will decrease under these operating conditi
When considering the increase in test pressure after 1500 hours, an immediate

increase in weight can be noticed from most of the coupons. This weight gain is ev
more pronounced in the 700°C results. The immediate change in weight after an
increase in pressure from 15 MPa to 25 MPa portrays some dependance on pressure
for oxide growth and will be discussed in a subsequent section.
Another weight gain comparison is provided in Figure 40 where weight gain results for IN-625 are plotted for the full 6000 horns of exposure. The two IN-625
coupons were used throughout testing at both temperatures and pressures. These

results illustrate the variability of corrosion in S-C02 under changing conditions
temperature and pressure. As seen in both plots, the increase in temperature from

550°C to 700° C caused a rapid increase in oxide growth before beginning to stabil
again after another 1000 hours.
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Figure 38: Weight gain plots of individual coupons at 550°C. A more detailed plot
is provided in Appendix A.
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Figure 39: Weight gain plots of individual coupons at 700°C. Weight gain calculations of IN-625 coupons were based on an artificial zero valued at the total
weight gained after 3000 hours of testing at 550°C.

75

a)

IN-718
0.45

0.00 '
1000

2000

b)

3000
Time (Hours)

4000

5000

6000

IN-738

0.45
15/25 MPa
-25 MPa
IN-625

2000

3000
Time (Hours)

4000

6000

Figure 40: Comparison of IN-718 and IN-738 to IN-625 coupons that were exposed
to 15 M P a and 25 M P a at 550°C and 700°C for at total of 6000 hours.
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4.2.2 Dependence on Temperature
From an initial comparison of the corrosion of different alloys, there is a clear
tion between oxide growth trends at different temperatures. From the two temper-

atures that were tested, 550°C and 700°C, all three alloys resulted in higher weig
gains at the higher temperature. These comparisons are illustrated in Figure 41,
where the average weight gain from each test interval is plotted for each alloy.

At the lower operating temperature of 550°C, all three alloys exhibited logarithmi
oxide growth rates due to the formation of a stable and thin film oxide that acts

protective oxide layer preventing further oxidation of the alloy. At this temperat
316SS and IN-718 followed similar growth rate trends throughout the 1500 hours of
testing. In comparison, nearly 50% less oxide was produced by IN-738 in the same
amount of time, which can be attributed to a more protective oxide layer.
When considering the higher operating temperature of 700°C, IN-718 and IN-738
significantly outperformed 316SS. At this temperature, 316SS resulted in a linear

oxide growth rate through the continuous formation of new oxide. The linear growth

rate is considered a non-protective oxide and for this reason, undesirable for the
operating conditions. In contrast, oxide growth of IN-718 and IN-738 followed a

parabolic relationship with significant higher amounts of oxide produced overall w

compared to 550°C. Both alloys exhibit evidence of a protective oxide being formed
through the decreasing rate of oxide growth after 1500 hours of testing. Although

subsequently stabilized, oxide is initially produced at a rate of 3-5 times faster
700°C in the first 100 horns of testing, than at 550°C.
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Figure 41: Weight change comparison of 316SS, IN-718, and IN-738 based on temperature and pressure for 1500 hours. The plotted weight gain value at each
time interval represents the average weight gain for each alloy at that point in
time. Temperature and pressure conditions are indicated as either 15 or 25 in
M P a , followed by 550 or 700 in degrees Celsius. Plots of non-averaged results
are provided in Appendix A.
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4.2.3 Dependence on Pressure
A comparison between the alloys at each combination of pressure and temperature

after a maximum of 3000 horns is provided in Figures 42 and 43. Each plot offers a
comparison between each sample set, which was either tested at 15 MPa, 25 MPa, or

experienced an increase in pressure from 15 to 25 MPa after 1500 hours of testing.

At the lower operating temperature of 550°C, the overall effect of pressure is mos

noticeable within the initial 1500 hours of testing. Both 316SS and IN-718 resulte

in less oxide, and therefore more protective when compared to their 15 MPa results
IN-738 followed a nearly identical oxide growth trend as IN-718 at 25 MPa, but
was more effective at the lower pressure of 15 MPa with as much as 50% less oxide
produced overall. Although varying in the total amounts of oxide produced from

0.04-0.08 mg/cm2, all three alloys exhibit qualities of producing a protective oxi
an operating temperature of 550° C.
At the higher operating temperature of 700°C, a pressure of 25 MPa resulted

in an increased oxide growth rate for all three alloys. For 316SS, the rate of oxi

growth nearly doubled, following an undesirable linear growth rate trend with near
6 mg/cm2 produced after 1500 hours. In contrast, IN-718 and IN-738 illustrated an

initial increase in oxide growth by approximately 150-200% within the first 250 ho

of testing. This oxide growth trend later merged with 15 MPa results after 1500 ho

at a value of 0.25-0.30 mg/cm2. These results indicate a higher operating pressure

causes a faster oxide growth rate with negligible additional oxide produced overal
At 1500 hours, the test pressure was increased to 25 MPa for the remainder of the

testing. A dashed trendline is illustrated on each of the plots that considers the
trend of coupons exposed to the combination of 15 and 25 MPa throughout the 3000

hours of testing. This trendline can be compared to relations drawn for the sample

sets before and after 1500 hours of testing for indication of change due to the in
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in pressure. Although the results illustrated in Figures 38 and 39 for individual

coupons exhibit an increase in weight between 1500-1600 hours, a clear relation is

found in the averaged values of Figures 42 or 43. This scatter can be attributed t
decreasing number of data points as coupons are removed throughout testing, where

five coupons are averaged at 1600 hours, but only one coupon remains at 3000 horns

For this reason, in addition to the accuracy of the balance, the effect of an incr

in pressure at 1500 hours is indistinguishable in the plotted results of average v
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ure 42: Weight change comparison of 316SS, IN-718, and IN-738 based pressure
at 550°C for 3000 hours. The plotted weight gain value at each time interval
represents the average weight gain for each alloy at that point in time. The
dashed line is a trend line that includes the coupons from thefirst1500 horns
at 15 M P a , and also the remaining coupons that saw an increase in pressure to
25 M P a for the remaining 1500 hours.
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Figure 43: Weight change comparison of 316SS. IN-718. and IN-738 based on pressure at 700°C for 3000 hours. The plotted weight gain value at each time interval represents the average weight gain for each alloy at that point in time. The
dashed line is a trend line that includes the coupons from thefirst1500 hours
at 15 M P a , and also the remaining coupons that saw an increase in pressure to
25 M P a for the remaining 1500 horns.
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4.3

Oxide Cross Section Characterization

A set of coupons that had been exposed for at least 1500 hours were chosen for ana
ysis using the Tescan Vegall X M U scanning electron microscope (SEM) at Carleton
University. This section highlights the features found for each of the three alloys
based on visual inspection, in addition to an elemental analysis using an Oxford Inca
Engery 250X E D S .
The selected coupons were sectioned with a precision diamond saw and prepared
to a 600-gritfinishusing SiC abrasive paper. Some coupons, including IN-738 and
IN-718 presented in this work, were also polished with a TexMet wheel prior to examination Included are images produced at magnifications ranging from 60-7000x using
secondary electron imaging for interpretation of oxide growth magnitude and structure. Four points were also chosen throughout the oxide and metal cross section for
compositional analysis to determine diffusion mechanisms that occurred throughout
testing.

4.3.1 316SS
316SS experienced the largest amount of oxide growth amongst the three test alloys.
Based solely on weight gain data, 316SS produced an unstable and unprotective oxide
at high temperatures that was insufficient in acting as a barrier to ion transport.
These qualities can be attributed to a porous oxide or one that is susceptible to
cracking from thermal cycling. Figure 44 is a S E M image of a 316SS sample after
3000 horns at 700°C. As expected for austenitic stainless steels, a duplex oxide layer
was formed, consisting of a porous and uneven exterior layer. The porous iron oxide
layer, in conjunction with a more narrow inner chromia oxide layer were insufficient
in providing the protective barrier against oxidation.
The Au-Pd coating that was applied to a portion of the samples was unable to be
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seen, but the alloy surface appears to be severely deformed from the original stra
surface.
Images of other samples were very similar to these results and were not included.
For this reason, it can be interpreted as the duplex iron-chromia oxide formed at

temperatures of 550°C is a sufficient barrier to ion transport, but is insufficien
temperatures above 700°C.
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Figure 44: 316SS sample 121 cross section after 3000 hours at 700°C, 15/25 M P a .

As shown in Figure 45, four horizontal points were chosen across the oxide and

metal cross section for compositional analysis. The results of this analysis are i
lustrated in the energy-dispersive X-ray (EDX) spectrum in the same figure. Fur-

thermore, dominating elements have been plotted as a function of location in Figur
46. These results confirm the expected concentration of iron in forming the iron
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oxide (magnetite) as the exterior oxide, with an inner oxide of predominantly chro
mia oxide. Within the metal, concentrations of iron and chromium both increase to

nominal composition quantities with distance from the oxide. This confirms further

expectations of iron and chromium being depleted from the metal through diffusion.
It should be noted that the Oxford Inca Engery 250X EDS is not capable of

accurately identifying the quantity of elements of atomic number below, and includ
oxygen. For this reason, the quantities of carbon and oxygen were only compared
relative to each point as tabulated in Table 12. This analysis provided reason to
believe carburization had occurred due to significant amount of carbon present at

surface and decreased with distance from the surface. Oxygen was also concentrated
within the oxide layers, as expected.
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Figure 46: Composition based on varying position of 316SS sample 121.

4.3.2 IN-718

Figure 47 is a SEM image of a IN-718 sample after 3000 hours of exposure at 700°C.
The amount of oxide is significantly smaller than that produced with 316SS, which

is expected based on weight gain data. Although smaller, the combination of nickel
chromium, and iron created a stable and continuous protective oxide that was a
sufficient barrier against ion transport.
An elemental analysis is provided in Figure 48 where higher levels of chromium
were found on the exterior of the oxide.
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Figure 47: IN-718 sample 221 at 3000x and 7000x after 3000 horns at 700°C at 15
and 25 M P a .

Within the sample, concentrations of nickel, chromium, and iron varied near the
surface of the alloy. An increase in chromium was found within the oxide layer,

while nickel and iron increased with distance from the oxide layer. Beyond the mai

oxide/metal interface, the composition of the alloy did not vary significantly, wh

leads to speculation that the protective oxide was effective in blocking cation d

from depleting the substrate of nickel, iron, and chromium. Carburization was also
observed based on the 50% reduction of carbon from locations 1 to 4 of Figure 49.

Figure 48: Elemental scan of IN-718 sample 221.

89
Compositional Change for Sample 221

Figure 49: Composition based on varying position of IN-718 sample 221.

4.3.3

IN-738

IN-738 exhibited the best qualities in overall corrosion resistance amongst the test
conditions due to the efficient formation of a stable and protective barrier against ion
transport. Figure 50 is an IN-738 sample that was exposed to S-C02 for 3000 hours
at 700°C. At magnifications of 2000x and 7000x, the oxide layer is sufficiently small
but uniform with good adhesion. Beneath the oxide layer is significant evidence of
intergranular corrosion. Although the oxide layer was effective for the tested 3000
hours, these results leave reason to believe that the oxide will eventually fail due to
a deteriorating substrate. Longer testing would be required to characterize the effect
of intergranular corrosion in IN-738.
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Figure 50: IN-738 sample 321 at 2000x and 7000x after 3000 horns at 700°C at 15
and 25 M P a .

A compositional analysis was conducted at select points varying in position from

the oxide to inner alloy cross-section. The results of this study are plotted in F

51. In comparison to IN-718, IN-738 experienced a similar trend with little deplet
of nickel and chromium in the formation of a protective oxide. This can be due to

dominating amount of nickel present in the alloy that, in conjunction with chromiu

and silicon, that rapidly and efficiency produce an oxide before further attack ca
take place.
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Figure 51: Elemental scan of IN-738 sample 321.
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Figure 52: Composition based on varying position of IN-738 sample 321.

Sampling Point

1

Alloy

2

3

4

1.6 1.4 1.3 1.0
o 2 7.1 5.4 1.7 1.0
IN-718 c 1.5 1.2 1.0 1.0
o 2 1.9 1.3 1.0 1.0
316SS

C

IN-738

c
o2

1.4 1.3 1.2 1.0
2.6 1.6 1.3 1.0

Table 12: Variation of carbon and oxygen from sample cross-section, normalized to
inner sampling point.

4.3.4

Summary of Results

The three alloys that were tested, 316SS, IN-718, and IN-738, exhibited varying
degrees of corrosion resistance under the four different combinations of pressure and
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temperature. Additionally, in an effort to monitor corrosion of the pressure vesse
two IN-625 samples were added to the specimen boat for the entire testing period
and were compared to results obtained from the other alloys.
At the lower temperature of 550°C, all alloys quickly produced a protective oxide

based on a logarithmic weight gain trend. This relation correlates to an immediate

formation of oxide that begins to slow further oxidation by preventing further dif
of oxygen anions and metal cations. Alloys 316SS and IN-718 reacted similarly for
each test pressure, where more oxide was formed at the higher pressure of 25 MPa.

This increase is oxide growth at a higher pressure can be attributed to the increa

partial pressure of oxygen that increases the thermodynamic ability of an oxidizin

reaction to take place. This relation is characterized by Gibbs free energy and re

to oxide formation through the Ellingham Diagram of Figure 12. In contrast, IN-738

produced less oxide at the higher pressure, outperforming the other alloys by a fa
of two. The IN-738 oxide layer appears to be significantly better protection from

beginning, and should be due to the difference in alloying elements, predominantly

iron. Iron oxides are known to grow at faster rates than other oxides such as, chr

oxide. Due to significant amounts of compositional iron in IN-718 and 316SS relati

to IN-738, the rapid growth of iron oxides could attribute to the increased weight
At 700°C, the IN-718 and IN-738 alloys followed a very similar trend in oxide
growth at each pressure. Within 500 horns, both alloys quickly produced a protec-

tive oxide layer that was effective in slowing the oxidation reaction, illustrated

parabolic growth rate relation that accumulates to approximately 0.275 mg/cm2 afte

1500 horns. It is clear that the additional alloying elements present in the super

notably nickel and sihcon, provide the means to produce a stable oxide layer at hi
temperatures in S-C02. The oxidation mechanism present in IN-718 at lower temper-

atures, most likely due to iron content, does not appear to be a mechanism at 700°
due to similarity with IN-738. In contrast, 316SS resulted in unfavourable linear
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growth rate relations at both pressures at 700°C. This can be attributed to the in

bility of the duplex iron-chromia-oxide scale exhibited by austenitic stainless st

where porosity and spallation lead to continuous oxide growth. These results corre

late with previous testing at lower temperatures and pressures from Gibbs (2010) [

and Dunlevy (2007) [6], except less distinction between 316SS and nickel-base supe

alloys was found at a temperature of 610°C. Some of these results are included as a
comparison in Figures 53 and 54 below. Together, these results find evidence that

the limiting temperature for corrosion resistance of 316SS lies within 550-650°C a

further testing is required to understand the upper limiting temperature of 316SS.
316SS
6.00 T - ~

250

500

750

1000

1250

1500

Exposure Time (Hours)

Figure 53: Comparison of corrosion studies for 316SS in S-C0 2 .
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Figure 54: Comparison of corrosion studies for IN-718 in S-C0 2 .

Cross-sectional SEM and elemental analysis provided evidence of an expected duplex oxide for the 316SS samples, with depletion of chromium and iron within the
substrate. The continual diffusion of chromium and iron to the surface and subsequent oxidation would eventually deplete the substrate of these elements and any
means of protection against further oxidation. In comparison. IN-718 and IN-738
produce a thin and continuous oxide layer on the order of 1 /im. consistent with

results obtained by Dunlevy (2007) [6]. The micrographs also illustrated extensive
intergranular corrosion present in the IN-738 samples that could lead to eventual
failure of the protective oxide scale due to deteriorating substrate. Evidence of inter-

granular corrosion in nickel-base superalloys has also been found in testing of IN
at 1000°C and is an attribute that needs to be investigated through use of longer

testing [38].

Chapter 5

Conclusions

5.1 Overview
The Carleton-NRCan corrosion test rig was used to test three alloys under S-C02
conditions for up to 3000 hours. Six sets offivesamples of each alloy were used to
evaluate material compatibility for temperatures of 550°C and 700°C. and pressures
of 15 M P a and 25 M P a . The purpose of the testing was to understand the kinetics
of oxide growth and its dependance on temperature and pressure, while identifying
limitations for alloys in S-C0 2 . Four sample sets of each alloy were each exposed
to one-of-four combinations of temperatme and pressure for 1500 horns, while the
remaining ten samples experienced an increase in pressure from 15 M P a to 25 M P a
midway through a 3000 hour test.
The three alloys that were tested included: austenitic stainless steel 316. ironnickel base superalloy 718, and nickel base superalloy 738. Thirty samples of each
alloy were prepared into 12.7 m m diameter coupons andfinishedwith 600-grit SiC
abrasive paper in an effort to replicate as-received surface condition in industry.
Testing was stopped in intervals of 100, 250, 500. 1000. and 1500 horns where each
sample was photodocumented and weighed. These results provided information for
analysis of kinetics of oxide growth for each alloy. Further characterization consisted
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of the sectioning of select samples for SEM and elemental analysis.

5.1.1 Weight Gain

Under conditions of 550° C, all three alloys produced a protective oxide layer fol

a logarithmic weigh gain trend. The oxide layer of 316SS consisted of a duplex iro

and chromia oxide, that although porous, was effective in acting as a barrier to i
migration. 316SS and IN-718 exhibited similar weight gain trends, while IN-738
instantly grew an oxide layer with roughly half as much weight change.
When considering testing at 700°C, 316SS experienced a linear weight gain trend,

which is indicative of possible cracking or spallation of the oxide. From these re
it can be concluded that 316SS is not compatible with S-C02 environments reaching
700°C due to excessive corrosion.
In contrast, both IN-718 and IN-738 efficiently produced protective oxide layers
with a total weight gain of roughly 0.25 mg/cm2 after 1500 hours at 700°C and
15 MPa. Based on all test conditions, both IN-718 and IN-738 were found to be
acceptable for tested S-C02 conditions.
The dependance on pressure was evident in an increased weight gain rate for the
initial 250 hours of testing. The distinction is clear from testing at 700°C that
more oxide was formed in the first 100 hours of testing at 25 MPa than at 15 MPa,
after 1500 hours, there was negligible difference in total oxide produced between

two pressures. Further analysis included subjecting samples to an increase in pres
midway through a 3000 hour test. All of the alloys exhibited a slight increase in

during the 1500-1600 time interval based on individual sample plots, but the incre
in weight was indistinguishable when averaged results were plotted.

98

5.1.2 Oxide Growth
Oxide growth was also characterized through the use of a scanning electron microscope. SEM micrographs and EDX elemental analysis were conducted on samples
that we exposed to at least 1500 hours.
The porous and discontinuous iron and chomia oxide produced by 316SS was found

to be ineffective at high temperatures. Elemental analysis verified the concentrat

of iron on the exterior of the oxide, while chromium was focused on the inner oxid
Both iron and chromium were found depleted from the outer surface of the alloy,

while carbon concentration significantly increased towards the surface. After 1500
hours of testing at 700°C, a discontinuous and rough surface was observed on the
316SS samples.
Due to significant addition of nickel and chromium in alloys IN-718 and IN-738,
the oxide produced was: stable, adherent, and an order of magnitude smaller than
316SS. These results correlate with previous testing of IN-718, where a thin film
of approximately 1/nn is produced in S-C02. Further inspection of IN-738 found

evidence of intergranular corrosion beneath the oxide layer, leading to speculatio

that the oxide layer will eventually fail. Longer term testing is required to dete
the effect of the intergranular corrosion on the IN-738 oxide layer.

5.2 Future Work

The scope of the work discussed provides an initial look at the compatibility of t

alloys and their corrosion resistance in four different environments. Further test
and analysis is required to fully understand the mechanics of the oxide growth in

effort to build an accurate model for corrosion in S-C02. Some noteworthy items of
future work are included as:
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• Stress-state: the most accurate method to test materials prior to application
is under realistic conditions, which should include state of stress. Previous research has shown materials under stress can be subject to more severe corrosion
than non-stressed. Stress can consist of tensile, compressive, or fatigue loading
that can lead to excessive corrosion and premature failure. With the acceptance
on IN-718 and IN-738 under the tested conditions, further testing should take
place under replicated stress conditions.

• Temperature: the test conditions resulted in a dramatic differentiation in weight
gain between 550°C and 700°C. Further analysis should be done to correlate
temperature to oxide growth at temperatures within this region. This can be
especially important for 316SS. where the limiting temperature for corrosion
resistance exists within the tested temperature range.

• Pressure: the results presented indicate some dependance on pressure for corrosion resistance. Significant variation in pressure can exist in applications such
as the Brayton cycle gas turbine. For this reason, further testing should be conducted through the use of more samples at smaller test intervals in the 0-500
horn- range.
• Flow: all testing conducted can be considered static due to the negligible flow
rate of 1 L/hr within a relatively large pressure vessel. At flows that can be
experienced within a gas turbine, other corrosion mechanisms such as. erosion,
can lead to detrimental consequences.

Beyond these characteristics, there exists a significant need for corrosion data for
longer periods of time. Testing of more than 10.000 hours would offer valuable results
as to corrosion of materials exposed to S-C02 for more than a year. Ideally, many
samples are used throughout the testing that can be sectioned at each time interval
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to evaluate oxide thickness and composition in order to correlate oxide thickness
weight gain. This information would provide the data necessary in the development

a corrosion model for materials in S-C02 that could be used for predicting corrosi
and service life of alloys under operational conditions.
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Appendix A

Weight Gain Plots
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Figure 55: Weight gain for individual 316SS coupons at 550°C.
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Figure 56: Weight gain for individual IN-718 coupons at 550°C.
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Figure 57: Weight gain for individual IN-738 coupons at 550°C.
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Figure 58: Weight gain for 316SS.
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Figure 59: Weight gain for IN-718.
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Figure 60: Weight gain for IN-738.
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