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Abstract

Austenitic stainless steels of the 300 series are commonly used for low to moderate tem-

perature air and high temperature, high pressure water environments that are found in the

primary coolant loop of pressurized water reactors due to their corrosion resistance, low

cost, wide availability, weldability, and formability. Understanding the material condition

and environmental combinations that may be present in a pressurized water reactor can help

make the reactors safer with longer lifespans through material selection insight and predic-

tive modelling. The austenite phase present in some grades of the 300 series, including 304,

is metastable and can be transformed to martensite through cooling and deformation. In

this work, surface condition and its oxidation effects are studied in air at 280, 400, and 700

◦C for 50 hours and plastic strain and surface finish oxidation effects are studied in pressur-

ized water at 280 ◦C for 10, 50, and 100 hours. Deformation microstructures accompanying

each condition vary: surface preparation can result in a deformation zone localized to the

near surface while plastic strain results in uniform deformation throughout the thickness

with potentially deformation-induced martensite. Martensite results in a higher density of

grain boundaries and also has a different crystal structure than austenite leading to dif-

ferences in diffusion kinetics between the two phases. Differences between the deformation

microstructures can alter the oxidation behavior; various surface conditions and material

plastic strain are present as a material starting condition in nuclear reactors and can affect

material degradation.

Uniaxial tension and plastic strain are characterized for 304 at 21, 250, and 338 ◦C

on cold worked and mill annealed conditions. Prior material condition leads to differences

in mechanical behavior and martensite transformation upon deformation: the cold worked

samples result in lower strain at failure and deformation induced martensite is found to oc-

cur in all samples at low temperature and in the cold worked samples at high temperatures.

Local misorientation provides a proxy for plastic strain for specific testing conditions. A re-

lationship between axial and lateral strain is derived and tested for isotropic and anisotropic

materials up to necking.

High temperature deformation induced martensite is shown to form in specimens that
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contain cold work prior to high temperature tension. Deformation induced martensite in

the 300 series is reported to be limited to occur exclusively at low temperatures (less than

100 ◦C), although it is shown in this work to occur as high as 347 ◦C. High temperature

deformation induced martensite can increase or decrease oxidation kinetics when formation

occurs inside an environmentally assisted crack.

Surface preparation and martensite content are studied in low temperature air at 280,

400, and 700 ◦C in a thermogravimetric analyzer. Surface preparation can leave a deforma-

tion layer that extends a few microns in depth into the material; a fine grained layer forms

on the outer most layer with deformation bands at a deeper level. The finer grain structure

increases the grain boundary surface area which can act as fast diffusion paths for alloying

elements, changing the oxidation behavior of the material. The mass of oxide formed on

the surface is too small to be resolved in the thermogravimetric analyzer. Scanning electron

microscopy did confirm that an oxide layer(s) formed as a result of the low temperature air

exposure.

Macroscale corrosion properties of austenitic stainless steel in high temperature water

conditions have been studied extensively at long exposure time, although effects of mi-

crostructural and phase differences within these steels at short exposure times are largely

unknown. Tensile specimens with a range of plastic strain and machined surface finish are

exposed to high temperature water for 10, 50, and 100 hours. Polished surface finish with

plastic strain and a range of surface finishes with and without cold work are oxidized for

100 hours in high temperature water. The resulting oxide thickness for all exposures is de-

termined by plasma focused ion beam milling and scanning electron microscopy imaging of

the cross sections. Inner oxide thickness is modeled as a parabolic rate law. The effect of

plastic strain and surface finish are concomitant. The effect of plastic strain is linked with

deformation induced martensite in the near surface structure. Surface finishing exhibits a

positive correlation between oxide thickness and finishing particle size. A metallic nickel

rich phase is seen in place of an outer oxide and the inner oxide contained metallic phase

embedded within a variable density inner oxide. Faster oxidation kinetics are determined to

be present in current experiments as compared to oxidation kinetics reported in literature.

The presence of nickel was confirmed to be a result of the high flow in the loop system,
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while several mechanisms are proposed to account for the faster oxidation kinetics.
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CHAPTER I

Introduction and Motivation

1.1 Austenitic Stainless Steels

Austenitic stainless steels, which are classified by a face centered cubic (FCC) crystal struc-

ture, are employed in a wide range of applications from household items to components in

nuclear reactors. Due to their wide range of uses, they are subject to a variety of processing

procedures, environments, and temperatures. The austenitic stainless steels are desirable

due to their good corrosion resistance, low cost, wide availability, good weldability, and

formability [11]. Major alloying additions include 16-30% chromium and 2-20% nickel with

different grades depending on alloying content of chromium and nickel, along with minor

additions such as carbon and molybdenum [2]. The different grades have different stabili-

ties; some grades are metastable where the FCC crystal structure can transform to a body

centered cubic (BCC) or hexagonal close packed (HCP) martensite upon cooling or defor-

mation [12, 13]. Prior material condition along with grade will elicit different behaviors in

the same environment [14–16].

1.1.1 Nuclear Applications

Austenitic stainless steels within the nuclear industry are used in a wide number of en-

vironments including air, steam, and water. The 300 series are commonly found in both

the primary and secondary side of boiling water reactors (BWR) and pressurized water re-

actors (PWR) where high pressures and low to moderate temperatures exist. A labeled

diagram of both the primary and secondary circuit of a PWR is shown in Figure 1.1. The

austenitic stainless steels are widely used in control rod containers, piping, cladding, struc-
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1.1. AUSTENITIC STAINLESS STEELS 2

tural components, and within the pump in PWRs [4, 17]. Entirely internal components,

such as cladding and core structures are exposed to either liquid water or steam while pip-

ing components may be internally exposed to water or steam; the outside of the pipes are

exposed to air.

Figure 1.1: Schematic of a PWR primary and secondary circuit [4].

Design and operating conditions for a PWR are given in Table 1.1. The water in the

primary circuit is maintained around 340 ◦C and 13.8-15.4 MPa when operating. The

primary loop is often deaerated using small amounts of boric acid, lithium hydroxide, and

hydrogen additions [1, 18]. Low oxygen concentration helps to minimize the susceptibility

of stress corrosion cracking and corrosion fatigue.
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Table 1.1: PWR design parameters [1]

Design Parameters Range

Primary circuit

Design pressure (MPa) 17.1

Nom. Operating Press. (MPa) 13.8-15.4

Design Temp. (◦C) 343

Secondary circuit

Design pressure (MPa) 7.1-8.2

Nom. Operating Press. (MPa) 3.9-6.9

Design Temp. (◦C) 316

1.1.2 Stress Corrosion Cracking and Corrosion Fatigue

The water environment inside the PWR can promote stress corrosion cracking (SCC) and

corrosion fatigue. SCC and corrosion fatigue are both types of material failure that are

promoted by a corrosive environment, material condition, and stress. SCC, as the name

implies, leads to cracking of the material that can cause unexpected catastrophic failure in a

material at much lower stress values than would cause failure outside of a corrosive environ-

ment. Corrosion fatigue is also an environmentally driven failure mechanism that combines

fatigue, or failure due to alternating stresses, with corrosion. Both SCC and corrosion fa-

tigue cracks propagate through the material exposing new surfaces to the environment. The

small volume present in the crack can have a different chemistry than the bulk due to the

buildup of corrosion products that may promote further cracking. Susceptibility of a ma-

terial to SCC or corrosion fatigue is related to microstructure and processing; these will be

discussed in more detail in Chapter 2.
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CHAPTER II

Technical Background

2.1 Austenitic Stainless Steels

Austenitic stainless steels have a primarily austenite matrix, an FCC crystal structure that

is nonmagnetic, and are the most common type of stainless steel [2]. They are divided

into 3 subgroups: 100 series, 200 series, and 300 series. The 100 and 200 series are general

purpose, while the 300 series are tailored to more specific engineering applications through

alloying element compositions. Nickel additions stabilize the austenite in the 300 series,

resulting in higher production costs, and also increase corrosion resistance. The 300 series

stainless steels are the most commonly used series of austenitic stainless steel [2].

Major alloying additions of the 300 series include 18-30% chromium and 6-20% nickel.

A minimum of 10.5-12% chromium, a ferrite stabilizer, promotes formation of a protective

chromium oxide layer on the surface providing a diffusion barrier to further oxidation, and

8-9% nickel promotes a fully austenitic structure [19]. Minor alloying elements including

molybdenum and tungsten act as ferrite stabilizers, while carbon stabilizes austenite. The

composition of the alloying elements result in the microstructure, mechanical properties,

and corrosion resistance of the steel. The most commonly used grade of austenitic stainless

steel is 304 [20].

Two other common 300 series stainless steels grades are 301 and 316. Type 301 is

less expensive and less corrosion resistant than 304 due to the lower nickel content than

304 while type 316 is more expensive and more corrosion resistant than type 304 due to

higher nickel content and addition of molybdenum. Alloying composition also determines

the materials’ susceptibility to transformation of the austenitic structure to martensite in
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certain conditions. Specifications of 301, 304, and 316 are given in Table 2.1, where the

numbers are given in weight %. Other specifications that can be made within a grade are

allowable carbon and nitrogen concentration; common grades are L grades which specify a

maximum carbon concentration of 0.03%.

Table 2.1: Compositional specifications for select austenitic stainless steel grades [2].

301 304 316

Chromium 16.00-18.00 18.00-20.00 16.00-18.00

Nickel 6.00-8.00 8.00-12.00 10.00-14.00

Carbon ≤0.15 ≤0.08 ≤0.08

Manganese ≤2.00 ≤2.00 ≤2.00

Phosphorus ≤0.045 ≤0.045 ≤0.045

Sulfur ≤0.03 ≤0.03 ≤0.03

Silicon ≤0.75 ≤0.75 ≤0.75

Nitrogen ≤0.10 ≤0.10 ≤0.10

Molybdenum 0 0 2.00-3.00

Iron Bal Bal Bal

A Schaeffler diagram used to predict stability of austenite, ferrite, and martensite based

off of the chemical composition of the steel and the chromium and nickel equivalents is given

in Figure 2.1. Stability regions for 301, 304, and 316 based off the compositional ranges

given in Table 2.1 are inlaid. All three phases span a large range of phase stability based on

the composition alone, although these steels are tailored to be austenitic, and the extremes

are not expected to be present. The 301 has the smallest range of austenite stability with

large regions existing in the austenite + ferrite and the austenite + martensite + ferrite.

The 304 grade is intermediate to 316, which has the largest range of austenite stability. All

three grades have the potential to contain ferrite and the 301 and 304 grades are more likely

than the 316 grade to contain martensite.
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Figure 2.1: Schaeffler diagram showing phase stability based off of chromium and nickel equivalents [5]. The
stability range of 301, 304, and 316 is inlaid.

2.1.1 Microstructure

The microstructure of an annealed 304 that was etched using 10% oxalic acid in water

using 6V and imaged using polarized light in an optical microscope is shown in Figure 2.2.

Austenitic stainless steels are commonly used in the annealed or cold worked conditions as

these grades are not hardenable through heat treatments but only through cold work [2].

Grains appear as different shades of gray, and annealing twins are shown by the parallel

lines that traverse some grains. Grain size is a function of the annealing and processing

procedures and is controlled to reach desired mechanical properties. Precipitates, including

δ ferrite, carbides, and sulfides, are often detrimental to material behavior and can form

within these grades due to annealing treatments or composition variations.
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Figure 2.2: Annealed 304 microstructure showing grain boundaries and twin boundaries, a 10% oxalic acid
in water etch at 6V was used and imaged with polarized light in an optical microscope.

Microstructure is also influenced by the forming and finishing procedures used to ob-

tain the final desired shape. Components are permitted to contain a specified amount of

intentionally induced or known cold work when they are put in service in a PWR environ-

ment. Deformation acts to increase the number and density of dislocations [13]. Mechanical

twins, along with deformation induced martensite, can be induced into the microstructure

through deformation such as cold rolling, drawing, and forming. Surface finishing proce-

dures can create a surface deformation microstructure that can extend a few microns in

depth into the surface. Both cold work and surface finishing can alter the oxidation be-

havior by altering the microstructure and phases present in the base material which will

oxidize differently in the PWR environments [21–24].

2.1.2 Martensite

As was apparent from the Schaeffler diagram, compositional variations can result in marten-

site formation. Metastable grades of austenitic stainless steel, including 301, 304, 316, 321,

and 347, can form martensite during cooling or deformation resulting in a BCC or HCP mi-

crostructure [25–27]. Low strain levels can promote formation of both types of martensite,

while only BCC martensite is formed at higher strains [25]. Martensite grains form across

austenite grains, terminating at the austenite grain boundary. This results in an increase

in the grain boundary surface area. The type of martensite formed (BCC or HCP) and the

extent of transformation are functions of the steel chemistry, temperature, and deformation
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process [3,28,29]. Lower temperatures promote a higher extent of transformation [13]. Dif-

fusion properties and maximum solubility of alloying components differ between austenite

and martensite which can alter the oxidation behavior of the two phases [30–35].

2.2 Martensitic Transformations

Martensitic transformations are diffusionless transformations that involve long range coop-

erative shear movement of atoms less than one interatomic spacing, resulting in a change

in crystal structure. A change in the shape and volume of the crystal also accompany the

change in microstructure. When the transformation occurs near the surface, surface relief

is provided by a change in the shape of the unconstrained surface crystal. Lattice imper-

fections are created to accommodate the transformation of the shape and volume change

of the crystal because elastic strains are not sufficient to relax the stresses produced during

the transformation. Other requirements of all martensitic transformations are a habit plane

and an orientation relationship between the transformed and un-transformed microstruc-

ture. A combination of all of the features mentioned above are required to be considered a

martensitic transformation [13].

During a martensitic transformation, one single phase transforms to another single

phase. No long range diffusion occurs during the transformation which is evidenced by

no change in chemical composition between the parent and transformed phase. Atoms are

however displaced from their original position by cooperative motions to accommodate the

transformation. A consequence of this cooperative motion is that martensite is not able

to grow across the grain boundaries, although martensite can nucleate in multiple places

inside a parent grain. The transformation can therefore result in a fine grain size [13].

Cooperative motion often results in the change in crystal shape and volume. Grains on

the surface are unconstrained at the surface unlike internal grains which results in surface

relief by a change in shape of the unconstrained surface. Changes to the shape and volume

in internal grains are constrained by surrounding matrix; plastic deformation within the

martensite is necessary to accommodate the strain. Dislocation density is higher for the

martensitic transformations than is required during normal plastic deformation.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



2.2. MARTENSITIC TRANSFORMATIONS 9

2.2.1 Martensite Formation in Austenitic Stainless Steel

Two types of martensite that can form in austenitic stainless steel are ε martensite which

has a hexagonal close packed (HCP) lattice and α’ martensite which has a body centered

cubic (BCC) crystal structure that is ferromagnetic. The α’ martensite phase takes on the

cubic structure due to the low carbon content of the steel (<0.25% C), whereas steels with

higher carbon content transform to martensite with a tetragonal structure to accommodate

carbon in the interstitial sites [13]. In steels, carbon occupies a fraction of the interstitial

sites. The position of the carbon in the crystal determines the crystal structure of the

martensite. The martensite phase is harder and stronger than the parent austenite (γ)

phase and provides a barrier to dislocation movement during plastic deformation. This has

an effect to increase the strength of the material.

Common transformation paths from austenite to martensite have been devised. Pro-

posed paths of transformation are:

γ austenite → ε martensite

γ austenite → ε martensite → α’ martensite

γ austenite → α’ martensite

Some researchers initially thought that ε martensite was an intermediate step in the

γ austenite → α’ martensite transformation and that α’ martensite could not be formed

directly from the γ austenite [36]. However, other studies have shown that γ austenite →

α’ martensite transformation can occur without the ε martensite phase present. The direct

transformation has been studied in grains that have an orientation that suppresses the ε

martensite formation [37].

Both FCC and HCP have close packed structures; the difference between FCC and HCP

is the stacking order of the close packed planes. FCC has ABCABC... stacking while HCP

has ABAB... stacking sequence. The FCC structure can be transformed into the HCP

structure through deformation by stacking faults; shifting of every second (111) FCC plane

by (a/6)[112̄] will result in the transformation from FCC to HCP [13]. A low stacking

fault energy promotes this transformation path. The transformation of γ austenite to ε

martensite is shown in Figure 2.3. Transformation from ε martensite → α’ martensite
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requires a distortion on the (0001)ε. The transformation from ε martensite to α’ martensite

is not well understood and requires shear deformation on two planes to transform [6].

Figure 2.3: Transformation of the face centered cubic crystal structure to the hexagonal close packed struc-
ture [6].

Bain was the first to propose a transformation mechanism: γ austenite→ α’ marten-

site. The Bain model of transformation results in a body centered tetragonal (BCT) lattice.

The BCC lattice can be created by expanding (1/2)[110]γ and (1/2)[1̄10]γ by 12.6% while

reducing [001]γ by 20.3% [38]. Inherent defects are present in the Bain model such as the

differences in orientation relationships from those found experimentally. Olson and Co-

hen proposed a mechanism of transformation such that two consecutive shears result in the

transformation [39]. A shear of (1/8)<112>γ on {111}γ , which is produced by shifting of

every second (111) FCC plane by (a/6)[112̄] Shockley partial dislocations, followed by a

shear of (1/18)<112>γ on {111}γ , which is produced by shifting of every third (111) FCC

plane by (a/6)[112̄] Shockley partial dislocations [40]. The mechanism proposed by Olson

and Cohen does not have flexibility to allow for the orientation relationships seen experi-

mentally. A less rigidly defined transformation path is likely to occur. Plastic deformation

that accompanies the FCC to BCC transformation is very large and the shear angle can

reach 20°. Lattice imperfections are created to allow the transformation to proceed.

Martensitic transformations in austenitic stainless steel can be initiated several ways

including refrigeration and deformation as deformation induced martensite (DIM). Marten-

sitic transformations that are a result of refrigeration begin at Ms, the martensite start

temperature is athermal: no thermal driving force is necessary to begin the transformation.
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The amount of austenite that is transformed to martensite depends on the temperature to

which the material is cooled. At the martensite finish temperature, Mf, the martensitic

transformation will no longer proceed. Cooling below this temperature does not induce

further transformation.

Empirical formulas have been derived by Eichelmann [28], Monkman [29], and Pickering

[3] to determine the Ms for austenitic stainless steels as a function of composition. Using the

composition of 301, 304 and 316 shown in Table 2.1 along with the empirical formulations,

the Ms ranges from 0 K to above room temperature for the 300 series stainless steels. Along

with composition, prior grain size can also have an effect on Ms: finer grained specimen

show a depressed Ms as compared to the larger grain sized specimen [41].

Ms,Eichelmann = 1350− 1665(C +N)− 28Si− 33Mn− 42Cr − 61Ni1001[28]

(2.1)

Ms,Monkman = 1182− 1456(C +N)− 37Cr − 57Ni1001[29]

(2.2)

Ms,P ickering = 502− 810C − 1230N − 13Mn− 30Ni− 12Cr − 54Cu− 46Mo1001[3]

(2.3)

2.2.2 Deformation Induced Martensite

DIM can be categorized as stress assisted martensite and strain induced martensite [42].

Stress assisted martensite occurs at lower levels of deformation and nucleates at sites al-

ready present in the material; the same sites where refrigeration induced martensite would

nucleate. Strain induced martensite occurs at higher levels of deformation and forms as a

result of plastically deforming the austenite phase, creating new nucleation sites. Defor-

mation can be a result of cold working, surface preparation, cyclic stresses, static loads,

and other modes of deformation. Alloying elements and material condition such as plas-

tic strain, grain size, and grain orientation, as well as parameters of deformation such as

strain rate have an effect on the extent of the martensitic transformation through cooling

and deformation [43].
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Plastic deformation that accompanies cold working can result in dislocation forma-

tion and glide, mechanical twinning, stacking faults, and transformation from austenite to

martensite at temperatures higher than Ms [44–47]. The amounts of each formed are related

to the materials composition and temperature at which the plastic deformation occurred.

Many of the deformation structures that are a result of plastic deformation, particularly

mechanical twins and martensite, act to impede motion of dislocations, strengthening the

material.

A number of nucleation sites for the strain induced martensitic transformation have

been proposed including shear band intersections [48–50], parallel shear bands [51], isolated

shear bands [50,51], intersection of grain boundaries and shear bands [51], grain boundary

triple points [50, 51], twin boundaries [52], and twin intersections [53]. Shear bands can be

of the form of ε martensite, mechanical twins, or dense stacking fault bundles [54].

Different characterization techniques have been used to determine the amount of marten-

site present in austenitic stainless steels. Methods include: Feritscope measurements, X-ray

diffraction, electron backscatter diffraction, Satmagan (Saturated Magnetic Analysis) mea-

surement, magnetic force microscopy, vibrating sample magnetometers, density measure-

ment, magnetic balance, and quantitative optical metallography. Most studies have focused

on martensitic volume determination after deformation although some recent studies have

considered in-situ transmission electron microscopy (TEM) during deformation to monitor

the progression of DIM.

DIM in Austenitic Stainless Steel

The volume fraction of DIM has a dependence on pre-strain, strain, strain rate, stress

state, stacking fault energy, alloy composition, and temperature. Olson and Cohen studied

the transformation kinetics of DIM and proposed an equation to relate the amount of α’

martensite transformed to the plastic strain in the material [47]:
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fα′
= 1− exp {−β[1− exp (−αε)]n} (2.4)

β =
¯να′κ(

ν̄sb
)n p (2.5)

Where p is the probability that a new martensitic embryo will be generated by inter-

secting shear bands, β is the probability of martensitic embryo formation accounting for

temperature and geometry, and α is a strain dependent constant that is related to shear

band formation at low strain rates. Both α and β parameters are dependent on tempera-

ture; the value of saturation of the martensite phase is determined by β, while both α and

β control the rate of approach to the saturation level. β caps the upper temperature at

which martensite should be able to transform at 50 ◦C [47].

The model predicted in Equation 6.2 has been tested extensively by a number of in-

vestigators [55, 56]. These investigators found that the true strain results in an increase in

volume fraction of martensite that decreased with increasing temperature. There is a sat-

uration of about 89 vol% martensite for temperature below -30 ◦C, while the maximum

volume fraction martensite at higher temperatures is much lower. Martensitic transforma-

tion was found to occur over temperatures of 50 ◦C, which is not in agreement with the

β parameter defined in Equation 2.5. Discrepancies may arise since the volume fraction of

martensite in Equation 2.5 is assumed to be due to shear band intersections where other

nucleation processes may exist [47].

As discussed previously, α’ martensite is only one of the two types of martensite that can

form upon deformation. The model predicted by Olson and Cohen ignores the possibility

of formation of ε martensite. Formation of ε martensite is suggested to occur at lower

strain levels, up to 15% strain, and transforms to α’ martensite at higher levels of strain

[25,52,55,56].

Strain rate and strain mechanism also alters the martensite transformation upon de-

formation. Deformation induced martensite forms faster at lower strain rates and is fully

suppressed at very high strain rates [55, 57, 58]. This phenomenon has been attributed
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to adiabatic heating within the material at high strain rates that repress the martensitic

transformation [55]. Biaxial straining increases the martensite formed compared to uniaxial

straining [55].

At the lower temperature, strain induced martensite contributes to the mechanical prop-

erties resulting in the large increase in stress at lower temperatures. When the temperature

is increased, strain induced martensite contributes to a lesser extent and does not contribute

at high enough temperatures. The rate at which martensite transforms due to strain is also

higher at lower temperatures [59]. This increases the strength of the material thereby de-

creasing the total elongation of the sample.

2.2.3 Stacking Fault Energy

Stacking fault energy (SFE) is the energy required for a dislocation to be broken into partial

dislocations and is related to the energy required for a dislocation to cross slip from one glide

plane to another. Stacking fault energy is closely linked with the deformation process the

material undergoes: mechanical twinning and dislocation glide are promoted in materials

with a low (<18 mJ
m2 ) SFE [60], twinning occurs when the SFE is at intermediate values

(18-45 mJ
m2 ) [58], and dislocation glide is predominant in materials with a high SFE (> 45

mJ
m2 ) [58]. Formation of ε martensite from γ austenite occurs through partial dislocations.

Materials with low SFE would therefore promote the formation of ε martensite.

Stacking fault energy in austenitic stainless steels as a function of alloying content can

be calculated by [61]:

SFE(mJ/m2) = −53 + 6.2(%Ni) + 0.7(%Cr) + 3.2(%Mn) + 9.3(%Mo) (2.6)

Where the alloying content is in weight percent.

Martensitic transformations are long range diffusionless transformations that can occur

in many alloy systems. Metastable austenite can transform to martensite in a number of

ways including strain. Straining the material creates new nucleation sites, such as shear

band intersections and twin boundaries, for martensite to form in the austenite lattice.
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Martensite grains are smaller than the prior austenite grains, increasing the grain boundary

area. Two types of martensite form from austenitic stainless steel including α′ marten-

site (BCC) and ε martensite (HCP). Austenite can form directly to ε or α′ and ε can also

transform to α′. The amount of ε martensite peaks at low strain values while α′ marten-

site continues to increase as strain increases. Mode and temperature of strain also affect

transformation; slow strain rate tension straining at lower temperatures results in a higher

amount of martensite. It is generally accepted that strain induced martensite will not occur

at high temperatures. Strain induced martensitic transformation is a competitive mecha-

nism, and other deformation mechanisms such as slip and twining can occur. Stacking fault

energy of the material has an effect on which deformation mechanism will dominate. Lower

stacking fault energy materials promote formation of strain induced martensite by increas-

ing the nucleation sites for martensitic transformation, while higher stacking fault materials

are more likely to deform by dislocation glide.

2.3 Uniaxial Deformation and Strain

The mechanical behavior of austenitic stainless steels subjected to uniaxial tensile defor-

mation is a highly studied and well understood system. A schematic for an engineering

stress-strain curve is shown in Figure 2.4. Engineering stress is defined as:

σ =
P

A0
(2.7)

Where σ is the engineering stress, P is the load, and A0 is the original cross sectional

area of the specimen. Engineering strain is defined as:

ε =
∆l

l0
(2.8)

Where ε is the axial engineering strain, ∆l is the change in length of the gauge length,

and l0 is the original gauge length.
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Figure 2.4: Schematic of an engineering stress versus engineering strain curve.

The material begins to deform elastically upon loading as shown by the linear portion

of the curve. The relationship between axial and lateral elastic engineering strain is known

as Poisson’s ratio and is given as

ν =
εl
εa

(2.9)

Where εa is the axial engineering strain and εl is the lateral engineering strain. Elastic

deformation is due to bond stretching and has a non-conservative volume change where the

shape can be returned to the original shape by unloading.

Beyond the yield stress, the material begins to deform plastically; unloading will not

return the sample to its original dimensions. The stress continues to increase with increasing

strain up to the ultimate tensile strength where uniform strain ends. The deformation in

this region is due to dislocations moving, along with possible phase transformation such

as austenite to martensite, throughout the gauge length of the specimen [25, 27]. Phase

transformations will be discussed in later sections. Dislocations increase the hardness by

pinning other dislocation motion in the material, known as strain hardening.

After the ultimate tensile strength, the strain hardening is not fast enough to counter

the reduction in area and necking, or an area of concentrated stress and a reduced cross

sectional area, will occur and persist until fracture occurs at the neck. The total strain at
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this point includes both elastic and plastic strain. Elastic strain can be removed from the

sample using Young’s modulus to determine the relationship between stress and strain in

the elastic regime. Once elastic strain is removed, the plastic strain is known in the sample.

2.3.1 Plastic Strain

Plastic strain, or accumulated engineering strain, is often measured during deformation

with the use of extensometers, strain gauges, digital image correlation (DIC), and pre-

and post-test measurements. Traditional extensometers and strain gauges are equipment

that are mounted to a specimen to measure change in dimensions; DIC equipment uses a

camera to monitor the change in shape and position of points on the surface to monitor

the strain. DIC has the benefit of analyzing the specimen multiple times with sub-micron

resolution possible [62]. Plastic strain can also be quantified through other techniques after

deformation is complete.

Characterization techniques used to quantify the plastic strain within the sample after

deformation include hardness [63–65], electron backscattered diffraction (EBSD) [66, 67],

and x-ray diffraction (XRD) [68, 69]. These techniques make it possible to determine ma-

terial strain without knowing the exact prior processing or deformation of the material.

This is important because plastic strain can affect how a material will behave in different

environments.

Plastic Strain and Misorientation

EBSD gives orientation information that can be used to determine misorientation between

a voxel and its neighboring voxels along with average misorientation information for large

areas. Misorientation can be used as a proxy for plastic strain and increases with increasing

dislocation densities [70]. A linear relationship is often found between misorientation and

plastic strain [66,71–73], although calibration of the misorientation and plastic strain curve

is sensitive to straining technique [71,74] and step size used in the EBSD map [75].

2.3.2 Axial and Lateral Strain in the Plastic Regime

While lateral strain is commonly used to determine Poisson’s ratio in the elastic regime,

few studies consider lateral strain in the plastic regime. During plastic deformation, plastic
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incompressibility is present, and plastic true strain in the three principal directions sum to

zero [76, 77]. The plastic incompressibility gives a relationship between axial and lateral

strain during plastic deformation. In a tensile specimen of rectangular area, the ratio of

lateral to axial strain will remain constant at any point outside of the neck [78,79].

2.4 Oxidation of Austenitic Stainless Steels

The family of austenitic stainless steels often exhibit strong corrosion resistance in a variety

of environments which is owed to a passive oxide film promoted by alloying with chromium

[19,80]. The specific material, material condition, and environment combination play a large

role in the oxidation behavior. Formation of a passive oxide layer, oxide layers formed in

air, oxides formed in steam, and oxides that form in high temperature, high pressure water

will be evaluated in turn. Dual oxide layers form in most environments; the stability of the

austenitic stainless steels in specific environments is dependent on the protective oxide layer

stability. Material conditions that can affect oxidation behavior include prior cold work,

residual stress and strain, surface finish, grain size, and martensite content. The effect of

each of these is complex and coupled with the environment [21,22].

Many oxidation studies in PWR environments focus on the long term behavior of ox-

idation while disregarding the short term behavior [21, 22, 24]. The extent of martensite

content on oxidation behavior has been studied in general, but the oxidation differences be-

tween martensite and austenite has not been studied in detail [81, 82]. Understanding the

short term behavior is important for events that cause bare material to be exposed, such

as crack initiation or propagation; martensite oxidation differences are important for pre-

dicting microscopic oxidation behavior in the material. Understanding the effects of the

conditions and environments in which the austenitic grade of stainless steels are exposed

can help to better inform decisions on which material conditions are best suited for varying

applications.

2.4.1 300 Series Austenitic Stainless Steels: Passive Oxide Formation

When a bare 300 series metal surface is exposed to air or an electrolyte solution, a ”native”

or ”passive” oxide film of only a few nanometers in thickness quickly forms on the surface
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[83, 84]. A duplex oxide layer forms with a chromium-rich inner oxide between the metal

and an outer iron-rich oxide phase [84,85]. A metallic nickel rich layer is often present below

the chromium-rich oxide and bulk metal [84,85].

The composition of the chromium rich oxide formed is not agreed upon and has been

proposed to be chromia (Cr2O3) or FeCr2O4 [80]. The chromium rich layer is amorphous

and provides a diffusion barrier for further oxidation [84]. The iron rich oxide layer (Fe2O3)

does not provide protection to the metal [80]. Transport of iron from the alloy surface

occurs by diffusion through the inner oxide and is required to grow the outer oxide layer.

Oxygen transport through the outer oxide layer is by oxygen vacancy transport; this is the

same mechanism as in the thermally grown oxide [80].

2.4.2 300 Series Austenitic Stainless Steels in Air Environments

Oxides formed at elevated temperatures in gaseous environments, also called thermally

grown oxides, are different in composition and structure than the native oxide, although a

dual oxide layer is also reported on thermally grown oxides at some temperatures [80]. The

oxide composition and morphology are dependent on the conditions at which it is grown.

Increasing oxidation temperature results in a change in the structure and composition

of the already formed native oxide layer. Oxidation between 300-600 ◦C results in an oxide

that is composed primarily of iron oxide (Fe2O3) due to the fast growth kinetics of iron

rich oxides along with the low diffusion of chromium at these temperatures [86, 87]. The

iron oxides are more porous than the native chromium rich oxide [87]. Diffusion is much

faster through the porous oxide, decreasing the protective nature of the oxide. Further

increasing temperature above 700 ◦C results in a shift back to a chromium rich oxide [86].

The protective nature of the oxide layer is restored and a dual oxide with an iron chromium

mixed spinel and iron rich outer oxide forms [80]. Manganese enrichment in the outer oxide

is also reported and its presence is suggested to provide more protection than when the iron

rich outer oxide does not contain manganese [88,89]

Oxidation at temperature beyond 950 ◦C results in formation of a volatile chromium

species and breakthrough oxidation can occur [90–92]. The deterioration of chromium oxide

stability limits the environments in which the austenitic stainless steels can be used.
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2.4.3 300 Series Austenitic Stainless Steels in Steam Environments

Systems that result in exposure of austenitic stainless steels to steam environments are com-

mon in industrial settings. Exposure to steam, or even small amounts of water vapor in

elevated temperature air environments shifts the oxidation behavior of austenitic stainless

steels from that which is seen in elevated temperature air alone, resulting in an accelerated

oxidation in steam as compared to air [93–95]. Enhancement of the oxidation kinetics in

steam is not well understood, although features consistent with internal oxidation mecha-

nisms and inner oxide porosity have been reported [95].

A dual layer oxide is reported to form with an iron rich outer oxide and a chromium rich

inner oxide [22,95–97]. The inner oxide/outer oxide interface is the location of the original

metal interface, and oxidation of the inner oxide proceeds by oxygen anion ingress through

the inner oxide [95].

2.4.4 300 Series Austenitic Stainless Steels in PWR Environments

In the presence of high temperature water, such as that which is present in the pri-

mary coolant loop of pressurized water reactors, austenitic stainless steels form a dou-

ble layer oxide with compositions similar to those formed in a steam environment. A

schematic of the oxide formed along with reactions and transport processes is shown in Fig-

ure 2.5. The outer oxide layer is iron rich with Fe3O4 and can contain Ni in the form of

NixFe3−xO4 or Fe(Cr,Ni)2O4 particles and the inner layer is a chromium rich spinel of the

form NixCryFe3−x−yO4 [98–101]. The chromium rich inner layer, with a thickness of 50-100

nm, is more compact and less porous than the outer layer, which can range from 100-1500

nm in thickness [98, 102, 103]. The grain size of the inner layer is smaller than the grain

size of the outer layer which consists of large, nonuniform grains. The chromium rich inner

layer provides protection to the steel from further corrosion while the outer oxide layer does

not provide protection to the base metal [98]. This is similar to the oxide layers formed in

ambient electrolyte, through thermal oxide growth, and in steam environments. As with

the oxide formed in a steam environment, the boundary between the inner and outer layer

is the site of the metal surface before oxidation occurred [21,22].
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Figure 2.5: Oxide layers formed on the surface of austenitic stainless steels in high temperature water.
Oxidation and reduction reactions occurring in the oxidizing system are shown along with ionic
transport through the inner oxide; Cr* indicates chromium that is not transported in the oxide,
remaining in its original location at oxidation.

A volume change accompanies oxidation: the inner oxide formed in the volume originally

occupied by the metal is approximately half the density of the metal phase [104]. About

half of the metal that originally occupied the inner oxide volume must be released into

solution to overcome this volumetric constraint.

Three oxidation growth models are proposed for oxidation of austenitic stainless steel

in high temperature water:

1. Solid state growth of inner oxide layer and precipitation of metal ions to form outer

oxide layer [105]

2. Solid state growth of inner and outer oxide layers [104]

3. Dissolution of metal and precipitation to form both inner and outer oxide layers [106]

A parabolic rate law of oxidation kinetics of the form:

x = kpt
0.5 (2.10)

Where x is the oxide thickness, kp is the parabolic rate constant, and t is the time is

reported to describe the kinetics of oxide growth on austenitic stainless in high temperature

water [21, 99, 104, 107–109]. Parabolic growth kinetics are common for processes that are
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diffusion controlled and are observed for growth of both oxide layers at longer growth

times. Some authors have reported logarithmic rate law at short times before both layers

have fully formed, although there is a lack of kinetic data in the literature for this behavior

[105,110,111].

Diffusion of ions and atoms in the system determine the rate of growth. The rate of

growth is proposed to be limited by:

1. Solid state diffusion through the solid oxide [105]

2. Diffusion of ions in the liquid through pores in the oxide [112]

3. Diffusion through grain boundaries [104]

Diffusivity, along with electrochemical stability, of the major alloying elements not only

control the rate of oxidation, but also determine where they end up in the system during

oxidation. The nobility of the major alloying elements from least to most noble is:

Cr < Fe < Ni (2.11)

While the trend in diffusivity in the metallic phase for an austenitic stainless steel is as

follows [113]:

DCr > DFe > DNi (2.12)

Where

DCr

DNi
≃ 2.5;

DFe

DNi
≃ 1.8 (2.13)

and diffusivities of the metal ions in a spinel oxide formed in high temperature water

follows [104]:
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DFe2+ > DNi2+ >> DCr3+ (2.14)

Chromium, the least noble of the alloying elements, readily oxidizes. The low diffusivity

of chromium in the inner oxide results in nearly all of the oxidized chromium remaining

in the inner oxide. This is shown schematically as Cr* in Figure 2.5. Iron also readily

oxidizes in the environment, some is incorporated into the inner oxide. The majority of the

oxidized iron diffuses through the inner oxide and is released into solution to accommodate

the volume change accompanying oxidation. Iron in solution quickly reaches saturation,

precipitating on the surface to form the outer oxide particles [114].

While chromium and iron readily oxidize in high temperature, high pressure water and

are incorporated into the dual oxide layers, the system oxygen potential may not be high

enough to oxidize the nickel. A small amount of the nickel does oxidize and is found in both

the inner and outer oxide layers even though the majority of nickel remains in the metallic

form. The nobility of nickel, combined with the low diffusivity of nickel in the metallic

phase results in the nickel enrichment often seen at the inner oxide/metal interface.

Exposure to High Temperature Water Environments

Autoclaves are commonly used to expose samples high temperature water, i.e., PWR en-

vironments [21, 98–100]. The samples are exposed within the autoclave which is connected

to a tank that holds a large volume of water and allows water samples to be collected dur-

ing exposure. In line heaters, pressurizers, and ion exchange columns are used to maintain

temperature, pressure, and chemistry requirements. The result of the large auxiliary sys-

tems is a large volume of water which requires very long heat up and cool down time of the

system. Flow in these systems is very low and are kept at a level that allows chemistry and

temperature to be controlled in the system. The long heat up times and low flow conditions

make realistic short term oxidation behavior difficult to study.

Effect of material condition, such as surface finish, cold work, and martensite content,

on oxidation behavior will be addressed in depth in the following sections.
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2.5 Material Deformation and Oxidation Behavior of Austenitic
Stainless Steels in High Temperature Water

Deformation from processing and finishing procedures is found in the starting material

condition. Material deformation can include near surface deformation from finish procedures

along with cold work. Austenitic stainless steel components are permitted to contain a

specified amount of intentionally induced or known cold work when they are put in service

in a PWR environment. Cold work accompanies processes such as forming of a part into

the final shape through rolling, drawing, extruding, and surface finishing procedures on

components.

Surface finishing procedures result in a near surface deformation zone, which along

with cold working increases the number and densities of dislocations and twins along with

other deformation microstructures, increasing fast oxidation pathways. Martensitic phase

transformations may also be promoted by cold work; the difference in crystal structure

between the phases alters the diffusion kinetics within the phase. Microstructural and

phase transformations can both alter the oxidation behavior of austenitic stainless steels.

2.5.1 Surface Finish

Grinding, machining, and polishing are common surface finishing procedures for austenitic

stainless steels; all of these procedures use mechanical means to remove material, inducing

deformation on the surface and subsurface layers. Surface preparation procedures can induce

high dislocation density, recrystallization, and phase transformations [115]. A nanograined

layer is found near the finished surface while deformation bands are found under the surface

layer of both a ground and machined surface finish; deformation induced by polishing is

less severe [22, 24, 116]. Surface finishing can also lead to deformation induced martensite

[24]. Starting material condition, such as cold rolling, can change the morphology of the

deformation layer as well [24].

The surface finishing procedure also has an effect on the thickness of the deformed

layers, while the double layer morphology remains unaffected [105, 117]. Polished surfaces

have deformation layers that are 2-3x thinner than those present on ground and machined

surfaces. Some studies have found a nanograin structure up to 2 µm in thickness [117] while
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others have reported the fine grained layer up to approximately 5 µm [24] with the total

depth of the deformed layer reaching up to 10µm [16]. The deformation structures and

residual stresses that are a result of surface preparation can lead to varying susceptibilities

to oxidation [116]. Studies have shown that this deformation layer along with the residual

stresses can lead to a decrease in the materials corrosion resistance [16].

Grain boundary area increases from the formation of martensite and formation of the

deformation induced nanograined layer. Grain boundaries, dislocations, and deformation

bands all act as fast diffusion paths, compared to matrix material, for oxidation to proceed

[15, 115, 117]. Deformation bands can act as fast diffusion paths for chromium resulting in

localized oxidation down deformation bands [117].

More deformation is most commonly reported to increase oxidation [117], although some

authors have found that more deformation results in less oxidation [22, 99, 118]. The grain

boundaries were reported to be poorer at diffusing chromium leading to a thinner oxide

layer [22].

Other authors have studied the effects of electropolishing on the oxidation resistance of

304L and 316L stainless steels in PWR primary water [23, 119]. A reduction in oxidation

has been reported with electropolishing, as compared to machining or grinding [23, 119].

The grain size of the inner, chromium rich, oxide was also smaller. Beneficial properties

of the oxide are attributed to removal of microstrains that are imparted into the material

during machining. At short times, only an inner oxide layer is present; the outer oxide is

not present until longer exposure times [23].

Surface deformation can have the effect of increasing or decreasing oxidation suscepti-

bility of austenitic stainless steel in high temperature water depending on material state in

addition to surface deformation and water chemistry. A fine grain layer up to a few mi-

crons in thickness, which is thicker with heavier surface deformation, forms on the deformed

surface accompanied by compressive and tensile residual stresses. Deformation bands are

found below the fine grained layer. The fine grained layer increases the grain boundary sur-

face area which can act as fast diffusion paths for chromium diffusion. Most authors found

that a thinner fine grained layer led to a thinner oxide layer formed in PWR water, although

some authors found the opposite to be true. When a material is promoted to behave in a
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passivating manner, the environment promotes better oxidation resistance.

2.5.2 Plastic Strain

Studies have shown that oxide crystals formed on cold worked material are larger than

those formed on material that have not been cold worked [120]. Oxidation effects between

varying surface preparations also lead to differences in stress corrosion cracking and fatigue

susceptibility. Surface deformation, particularly grinding and machining, can also result in

deformation induced martensite in some austenitic stainless steel grades and can extend

beyond the deformed layer [16]. Deformation induced martensite will be discussed in the

following section.

2.5.3 Near Surface Martensite

As discussed previously, oxidation behavior is dependent on material, environment, process-

ing, and material conditions. Differences in alloying additions also change between heats

due to the liberal requirements for different austenitic alloys. As a result, differences in

austenite stability are readily apparent within a specific grade. Oxidation behavior of a

metastable austenitic stainless steel with varying martensite content has not been studied

in high temperature water, but studies in air and aqueous environments do exist.

As required by a martensitic transformation, the martensite formed in the austenitic

stainless steel is finer grained than the parent FCC austenite matrix, since many martensite

grains can be nucleated within each parent austenite grain. The finer grains result in a

larger overall grain boundary surface area, which act as fast diffusion paths for chromium

and oxygen within the metal.

BCC martensite has faster chromium and carbon diffusion kinetics than FCC austenite

[33], although FCC iron has a larger carbon solubility than BCC iron with a maximum

solubility of 2.14 wt.% and 0.022 wt.% respectively [34,35].

The diffusivity of carbon and chromium in FCC (γ) and BCC (α) iron is plotted against

the inverse of temperature in Figure 2.6 [7–9]. Lower temperature values are extrapolated

from values measured at higher temperatures. Carbon diffusivity in both FCC and BCC

iron is higher than the chromium diffusivity. The diffusivity of carbon is higher in BCC
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Figure 2.6: Plot of the logarithm of the diffusion coefficient for chromium and carbon in FCC and BCC
iron [7–9].

iron than FCC iron, while the opposite trend is seen for diffusivity of chromium in BCC

iron and FCC iron.

Although carbon diffusion is faster in BCC martensite, carbon is more soluble in FCC

austenite than BCC martensite, so there is a larger driving force for precipitation of carbides

in the martensite phase and at the martensite grain boundaries [34]. Sensitization, or

chromium depletion, has been reported to be sensitive to martensite in the material and

precipitation of carbides at the martensite grain boundaries and inside martensite lathes can

promote intergranular and transgranular oxidation, respectively [82, 121]. Precipitation of

carbides in the martensite phase has also been attributed to promoting further martensitic

transformation [122], exacerbating the effect of martensite in the austenitic matrix.

As reported previously, increased grain boundaries from the martensite formation can

act as fast chromium diffusion pathways in the material. This increase in chromium diffusion

leads to a thinner, more protective oxide layer forming over the α’ martensite phase resulting
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in a thicker oxide over the austenite phase [81,123] in air environments. The overall effect of

deformation induced martensite has been shown to decrease oxide thickness when compared

to samples that contained no martensite [123].

As with oxidation of the austenitic stainless steels in various environments, the effect

of deformation induced martensite on the oxidation behavior is sensitive to environment.

The protective promoting nature of martensite in air environments does not extend to

aqueous environments. Martensite has been shown to selectively dissolve in chloride and

bromide containing solutions leading to initiation sites for fatigue cracking and SCC [68,124].

Martensite has also been shown to increase the porosity of the passive film on 304L [125].

Martensite formed at the surface of austenitic stainless steels increases the grain bound-

ary area since martensite has smaller grains than the prior austenite grains. The increased

grain boundary area can act as fast diffusion paths for elements such as chromium or oxy-

gen. Studies on the direct effect of surface martensite on the oxidation behavior of austenitic

stainless steels are not widely available, although a small number of studies have been per-

formed. These studies can provide insight on the possible effect that surface martensite has

on oxidation behavior in high temperature water. Austenite has slower carbon but faster

chromium diffusion at low temperature, although a higher carbon solubility than BCC

martensite. Effects of near surface martensite are highly sensitive to the environmental

conditions of exposure.
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CHAPTER III

Objective and Hypotheses

The overall objective of this work is to determine the effect of material condition and

environment on the short term oxidation behavior of 304, a metastable grade of austenitic

stainless steel.

The deformation states considered are:

1. Tensile pre-straining

2. Cold working

3. Fully annealed

4. Surface condition preparation

(a) Ground

(b) Polished

(c) Machined

Environmental conditions are:

1. Synthetic air (80% nitrogen and 20% oxygen) at 280, 400, and 700 ◦C

2. Pressurized water at 280 ◦C

Both plastic strain and residual martensite, because of strain, are known to affect the

oxidation behavior of these materials when subject to different environments [81, 114]. In-

teraction of a material and environment is a combination of both the material and the

29
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environment of interest. The goal is to understand specific material condition and envi-

ronmental couplings, which can help to better inform the general understanding, with the

ultimate goal of future incorporation into computational materials models.

This work is partitioned into four components.

1. The effect of plastic strain on uniaxial tensile deformation and cold rolling on Knoop

hardness and microstructure. A standardized way to accurately and quickly quantify

plastic strain, imparted through various deformation mechanisms, does not exist; the

aim is to determine a relationship between plastic strain and another measurable

material property to be used as a proxy for plastic strain. A relationship between

axial and lateral engineering strain is studied to determine the plastic axial strain in

broken tensile specimens. Beyond necking, strain throughout the gauge length is not

easily determined with conventional methods; relating lateral strain to axial strain

provides a quick way to determine plastic strain at any point during deformation.

The relationship may also be used as a quick test for mechanical anisotropy.

2. The effect of tensile temperature and starting material condition on deformation in-

duced martensite. Predictive modelling suggests that martensite may not be able to

transform via a deformation induced martensite mechanism at elevated temperature,

such as that which would be present in high temperature water.

3. Observations on short time oxidation in low to moderate temperature, synthetic air.

The effect of surface finish, through mechanical preparation, and martensite content

is studied using thermogravimetric analysis. Characterization is performed using a

scanning electron microscope after exposure. This work aims to relate subsurface

deformation with oxidation kinetics; effect of martensite content on oxidation behavior

is also considered.

4. The effect of plastic strain and surface finish on short time oxidation behavior is stud-

ied in pressurized water. Tensile specimens in the as machined and mechanically

polished surface conditions, with a range of strain induced through uniaxial tension

and cold rolling, were exposed to 280 ◦C water for 10, 50, and 100 hours. Surface
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finish and short time oxidation was studied on a range of mechanically ground and pol-

ished specimens exposed for 100 hours. Oxide thickness was studied with SEM cross

sections and composition was studied with TEM liftouts of select exposures. Subsur-

face deformation from surface finish was studied using electron channeling contrast

imaging. Short time oxidation behavior in a loop system and a relationship between

strain and oxide thickness is studied. The effect of plastic strain and near surface

deformation on short term oxidation behavior can be used to inform cracking models.

The principal hypotheses of this work are as follows:

1. A relationship exists between lateral and axial engineering strain, which will be derived

in a later section, within the uniform elongation regime:

εa = (
1

(1− |εl|)1+x
)− 1

Where x=1 for an isotropic material and x̸=1 for an anisotropic material

2. Increasing plastic strain through uniaxial tension and cold rolling will result in thicker

oxide layers for a given exposure time; oxide thickness will follow a linear relationship

with uniform axial strain when exposed to high temperature, high pressure water.

3. Increasing martensite content will result in an increase of overall oxidation rate due

to the increase in grain boundaries. A thicker oxide will exist over martensite, where

oxide thickness is proportional to the difference in a diffusion kinetics between the

austenite and martensite phases.

4. A coarser surface finish will result in a deeper deformation zone with a thicker oxide

due to more fast oxidation pathways. Oxide thickness will be proportional to the

finishing particle size.
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CHAPTER IV

Strain in the Three Principal Directions

4.1 Introduction

Plastic anisotropy in polycrystalline metals results in differences in plastic mechanical be-

havior in different material loading directions and can be induced during directional solidi-

fication in casting along with heat treatment, forming, and thermo-mechanical processing.

Texture, or preferred crystallographic orientation, and dislocations that are a result of the

solidification and processing are common sources of anisotropy.

Anisotropy can result in changes in ductility, yield strength and work hardening; anisotropic

failure can also occur where a material fails at different strains in different directions

[126–128]. Ductile failure may also be promoted through plastic anisotropy at lower strain

values than would otherwise be expected [129]. Variations in mechanical properties can add

complexity to material behavior predictions.

Anisotropy is often measured in metal sheet as the R-value, which was developed in-

dependently and simultaneously by Krupkowski and Kawinski and Lankford, Snyder, and

Bauscher [130,131]. The R-value or Lankford coefficient for a sheet metal is defined from a

tensile test as:

R =
el

p

etp
(4.1)

Where el
p and et

p are the lateral plastic strain and through thickness plastic strain,

respectively and is used exclusively for rolled sheet metal. Similar determinations of mate-
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rial anisotropy do not exist for other material starting conditions other than rolled sheet.

Anisotropic behavior in bulk materials is often determined by uniaxial tension in orthogonal

directions, requiring multiple specimens to be tested for each material condition. Crystal

plasticity models also exist to model the behavior of known anisotropic materials, although

the material’s anisotropic behavior must be known prior to creating the models.

4.2 Principal strains during plastic deformation

When a tensile specimen is pulled to a value below the ultimate tensile strength (UTS), a

uniform engineering strain exists along the gauge length that can be defined as:

ε =
lf − l0

l0
(4.2)

Where ε is the engineering strain, lf is the final gauge length, and l0 is the initial gauge

length. Changes in the cross sectional dimension, often measured in reduction in area, can

be related to true strain, given in Equation 4.2; Equation 4.3 is then used to relate true

strain to engineering strain.

e = ln(
A0

A
) (4.3)

e = ln(1 + ε) (4.4)

Where e is the true strain of the sample, A0 is the original cross sectional area, and

A is the final cross sectional area. During plastic deformation, the volume is conserved

and the sum of the components of true strain in the three principal axes is zero, as shown

in Equation 4.5 [77, 132, 133]. Also, in an isotropic material, true strain in the thickness

and lateral directions are equal up to the point of necking at the UTS. Beyond the UTS,

localized deformation occurs in the necked region resulting in difference in strains of the two
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directions. The value along the gauge length is no longer uniform, and the highest value of

strain exists in the necked region [134]. Strain outside the neck is no longer easily calculated

and is often assumed to be close in value to the strain before the onset of necking [135]:

el + et + ea = 0 (4.5)

Where the subscript l, t, and a are lateral, thickness, and axial directions, respectively.

For any material, a ratio between lateral and thickness strain will exist, such that Equation

4.5 can be written as:

ea = −(1 + x)el (4.6)

Combining Equations 4.4 and 4.6 yields the relationship between axial and lateral strain

for a material with any degree of anisotropy:

εa =
1

(1− |εl|)1+x
− 1 (4.7)

Where x is the ratio of the thickness strain to the lateral stain, has a minimum value of

zero, and describes a material’s mechanical anisotropic behavior.

In this form, the value,

x =
1

R
(4.8)

So, the Lankford coefficient can be easily calculated from the lateral and axial engineer-

ing strains as

R =
1

−ln(1 + εl)/ln(1 + εa)− 1
(4.9)
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4.2.1 Isotropic materials

A special case exists for isotropic materials where the ratio between the axial and lateral

strain is equal to one. When x is equal to one and the material behaves in a mechanically

isotropic way, Equation 4.7 and can be rewritten as

εa =
1

(1− |εl|)2
− 1 (4.10)

Equation 4.10 will be used as a basis to test a materials isotropic behavior. Materials that

are isotropic will follow the relationship derived in Equation 4.10 while materials that have

a lateral and axial engineering strain response that deviates from Equation 4.10, following

Equation 4.7 with x ̸= 1, will be assumed to be mechanically anisotropic.

4.3 Experimental methods

4.3.1 Material

A 6061-6511T aluminum alloy and 304 stainless steel (304) tensile specimen, shown in

Figure 4.1, in the mill annealed and cold rolled conditions were studied. T6511 is a 6061

aluminum alloy that has been solution heat treated, stress relieved using processes such

as stretching, followed by artificial aging. This temper treatment is aimed to tailor the

mechanical properties of the material but can also result in mechanical anisotropy [136].

The cold rolled 304 was rolled to a 20% reduction in thickness and also has mechanically

anisotropic behavior created through the rolling process, while the annealed condition 304

has mechanically isotropic behavior. The tensile axis was oriented perpendicular to the

rolling direction for the cold rolled 304 sample.
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Figure 4.1: Tensile specimen geometry.

4.3.2 Uniaxial tension

Rectangular dog bone tensile specimens of as machined 6061-T6511 aluminum, cold rolled

304, and as machined 304 were pulled in uniaxial tension using DIC in room temperature

air. The aluminum and cold rolled 304 display mechanical anisotropic behavior while the

as machined 304 is mechanically isotropic. The aluminum was pulled to failure, the as

machined 304 was strained to 60% engineering strain and the cold rolled 304 was strained

to 35% engineering strain. Straining parameters to analyze each specimen material are

given in Table 4.1. A speckle pattern was painted onto the sample surface for recognition

points used by lnstron’s DIC Replay software [137]. A minimum of five virtual strain gauges

of varied sizes were used for each sample throughout the gage length. The elastic strain

was removed prior to determining the axial and lateral strain components.

Table 4.1: Tensile parameters for dog bone specimens pulled to failure.

Specimen Material Displacement Rate

6061-T6511 Aluminum 0.0083 mm/s

304 0.0036 mm/s up to 4% engineering strain

0.042 mm/s to failure
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4.4 Results and discussion

Lateral and axial engineering strains were measured using the DIC analysis and the three

principal true strains were calculated from Equations 4.4 and 4.5. The results of the DIC

experiments along with Equation 4.10 for each material condition are shown in Figure 4.2.

The mill annealed 304 followed Equation 4.10 well; both the cold rolled 304 and 6061-T6511

aluminum samples deviated from Equation 4.10 at axial engineering strains greater than

15%. The deviations for each condition are reported as MSE in Table 4.2, the larger the

MSE, the greater the measured data deviates from the isotropic material curve. The 6061-

T6511 aluminum had the greatest deviation, followed by the cold rolled 304 with the mill

annealed 304 having the smallest deviation.

Figure 4.2: Axial vs. lateral engineering strain measured by DIC for a) 6061-T6511 Al, b) Mill annealed
304, and c) cold rolled 304; relationship between axial and lateral engineering strain calculated
from Equation 4.10 for an isotropic material is given as the dashed line in each plot.

Table 4.2: Mean squared error for each condition plotted in Figure 4.2.

6061-T6511 Aluminum Mill Annealed 304 Cold Rolled 304

7.55x10−3 1.97x10−3 5.97x10−3

The value of x in Equation 4.7 was determined for each sample condition and is given in

Table 4.3 by minimization of the residual sum of squares. The isotropic 304 is closest to the

expected value for an isotropic material (x = 1), while the cold rolled 304 and aluminum

alloy have higher values of x.
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Table 4.3: Value of x in Equation 4.7 calculated for each sample condition.

6061-T6511 Aluminum Mill Annealed 304 Cold Rolled 304

1.25 1.08 1.19

The relationship between lateral and thickness true strain, calculated from Equation 4.5

is plotted in Figure 4.3. The slope of the line in this plot is equal to the Lankford coefficient.

For an isotropic material, the slope of the line of these two true strains should be equal to

one. The slope of the mill annealed 304 is closest to one, indicating that this material is

more mechanically isotropic than either the cold rolled 304 or the aluminum alloy. Both of

these alloys, which deviated from the isotropic behavior given by Equation 4.10 and shown

by Figure 4.2, have a slope less than one, which is expected for a mechanically anisotropic

behavior. All three materials have a R2 value of close to one indicating that a linear fit

fits the data well. Equation 4.10 is only valid for isotropic materials, which is evident from

the deviation of both anisotropic materials and the value of the slope of thickness vs lateral

engineering strain.

Figure 4.3: Thickness vs. lateral true strain for a) 6061-T6511 Al, b) Mill annealed 304, and c) cold rolled
304. A linear best fit is shown for each material condition.

The slope of the plots is also equal to the Lankford coefficient for sheet materials. The

value of Lankford coefficients reported in literature are specific to the material and exact

processing procedures. Values for 304 are reported around 1 with a range of 0.8 - 1.2, and
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6061-T6511 values are anisotropic with a range of 0.6 - 0.8 [138, 139]. While the Lankford

coefficient determined here is within values reported in literature, the major use is to show

that the cold rolled 304 and aluminum behaved in an anisotropic way. Quantification of

anisotropy is not considered here.

Virtual strain gages located at various locations within the gage outside of the neck

also show that the strain outside the neck is not uniform, as is often assumed due to lack

of experimental data. Strain outside the necked region after necking can be calculated for

isotropic materials using Equation 4.10 for isotropic materials.

4.5 Conclusions

A relationship between lateral and axial engineering strain during uniform elongation has

been derived in Equation 4.7. and verified with an isotropic material. The relationship

was developed using the equation relating true strain to engineering strain, along with the

notion of plastic strain incompressibility. DIC measurements to specified strain levels were

used to verify the relationship. The mill annealed samples were modeled quite well with

x=1 for an isotropic material and the cold worked samples were modeled with x ̸=1, as

expected for an anisotropic material.

DIC has shown to be a quick, effective way to quickly determine whether a material

displays mechanical anisotropy. Two known anisotropic metals, 6061-T6511 aluminum and

cold rolled 304 stainless steel, deviated from the derived relationship for isotropic materials

at high values of axial engineering strain. Mechanical behavior and plastic strain due

to deformation of an anisotropic material is harder to predict than that of an isotropic

material. Simple relationships between deformation induced martensite and plastic strain,

as will be presented in the following chapters will be complicated by a material’s mechanical

anisotropy.

Calculation of the third principal engineering strain is possible from DIC and gives

deviation of the thickness and lateral directions from an isotropic material.

Quantification of strain using DIC has not been completed but would be possible to

determine using this setup. Equation 4.10 can be used to estimate the strain outside the

necked region after necking has occurred as well, since the value of strain is not uniform
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throughout the gage length. Quantification of residual strain within the gage length after

failure will be completed in future sections.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



CHAPTER V

Characterization of Uniaxial Deformation and plastic strain

5.1 Introduction

The 304 grade stainless steel is an extensively used material in the primary loop due to its

corrosion resistance, low cost, and excellent formability [11]. Forming processes often result

in cold work, residual stress and strain, and phase changes, which may affect oxidation

behavior in different environments. Oxidation kinetics of austenitic stainless steels in PWR

conditions change as starting material changes: as cold work and residual stress increase,

the oxidation kinetics in the PWR primary water increases [14]. There are a number of

different cold working techniques; this work will focus on cold rolling and uniaxial tensile

straining.

A standardized way to represent cold work in a material does not exist; when cold

rolling is considered, the percent cold work is the percent reduction in original thickness. In

tensile cold working, the percent cold work is equivalent to the percent elongation. Due to

these differences in definitions, it is possible to have an excess of 100% cold work imparted

by tension, but not by cold rolling. Measures such as dislocation density can be used to

quantify cold work, although large scale quantification of dislocation density is often not

practical. Standardizing the effect of these cold working techniques, by using an easy to

measure metric such as plastic strain, allows a direct comparison of material strain state

between these two processing techniques.

A number of analytical techniques are used to measure plastic strain in a material.

Hardness can be used as a proxy to plastic strain up to about 30% strain [140,141]. Above

30% strain, further deformation can result in the formation of deformation twins and strain
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induced martensite [140, 141]. Both twins and martensite result in a hardness value that

predicts a lower value of strain in the material than is present, making hardness as a proxy

for plastic strain very limiting.

Other techniques such as XRD and EBSD can be used to determine plastic strain present

in a material along with phases present. Residual stress in a material has components of both

elastic and plastic plastic strains, which can both be determined by XRD. Broadening of

diffraction peaks can be used to estimate local plastic strain, also referred to as microstrain,

while peak location can be used to determine elastic strain along with phases present in

the material [142,143]. Error in peak broadening calculations makes obtaining quantitative

information not possible through XRD.

plastic strain can determined using EBSD by using misorientation as a proxy for plastic

strain. Misorientation between points can be determined by collecting backscattered elec-

trons and analyzing the Kikuchi bands using computer algorithms to assign lattice group

and orientation at each point scanned. The misorientation can then be related to the

strain, although this technique is sensitive to deformation mechanism and microscope pa-

rameters [142]. Other information, such as phases and grain orientation, can be determined

from EBSD as well.

As discussed in the technical background, beyond the UTS, localized deformation occurs

in the necked region. The value of strain along the gauge length is no longer uniform, and

the highest value of strain exists in the necked region [134]. Without using strain gauges at

multiple places along the gauge length or digital image correlation (DIC), the strain within

the gauge is no longer easily calculated. The value of strain outside the necked region is

usually still assumed to be uniform.

The aim of this work is to create a relationship between strain, imparted through cold

rolling and uniaxial tensile straining with parameters measured by hardness, XRD, and

EBSD for 304 SS.
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5.2 Technical Approach

5.2.1 Material

Three heats of 304 SS were investigated in this work. One flat, pin loaded tensile specimen,

shown schematically in Figure 4.1, was tested from each heat. Chemical composition of the

three heats is shown in Table 5.1. Heat 1 has low sulfur content, while heats 2 and 3 have

high sulfur levels. Other alloying additions are similar between the three heats except heat

1, which has a higher nitrogen content than the other two heats. Differences in chemistry

are not expected to have a significant influence on the mechanical properties of the material,

although chemistry differences may influence oxidation kinetics. All three heats lie on the

boundary between austenite with no ferrite and austenite with 5% ferrite on the Schaeffler

Diagram in Figure 2.1. The average grain size of each heat was determined using the three

concentric circle method, outlined in the ASTM E112 standard, on optical micrographs of

each heat [144]. Average grain size of heat 1, 170 µm, is slightly larger than that for heat

2, 130 µm, and heat 3, 120 µm, and small amounts of δ ferrite were present in every heat.

Heat 1 and 2 have a mill annealed starting material condition and heat 3 was tested in the

mill annealed and cold rolled to 20% reduction in thickness prior to tensile testing. Both

cold work and temperature are known to influence mechanical properties and are expected

to influence strain measurements performed in this study as well.

Table 5.1: Condition and compositional specifications (wt.%) for 304 heats characterized in uniaxial tension.

Heat Condition C Mn P S Si Cr Ni Mo N Cu

1 Mill 0.042 1.70 0.026 0.006 0.045 18.39 8.72 0.26 0.07 0.17

annealed

2 Mill 0.040 1.46 0.002 0.015 0.045 18.39 9.13 0.26 0.03 0.10

annealed

3 Cold 0.040 1.45 0.021 0.016 0.045 18.36 9.28 0.26 0.03 0.10

rolled
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5.2.2 Tensile Testing to Failure

One dog bone sample of heat 1 and 2 in the mill annealed condition and heat 3 in the

20% cold rolled condition were tested in uniaxial tension to failure in air at 21, 250, and

338 ◦C at a rate of 0.0036 mm/s up to 4% strain. After 4% strain, the rate was increased

to 0.042 mm/s until failure. Straining to failure was completed by the Naval Nuclear

Laboratory. Mechanical properties including yield strength and ultimate tensile strength

were determined from the stress strain curve, while total elongation and reduction in area

were determined by measuring the sample before and after the test was completed.

5.2.3 Digital Image Correlation

Samples of heat 3 in the mill annealed condition were pulled in uniaxial tension to target

values of engineering strain, up to 60%, in room temperature air (21 ◦C). A constant

displacement rate of 0.0036 mm/s was used up to 4% strain, after which the rate was

increased to 0.042 mm/s to the final desired strain level before unloading to zero load. A

speckle pattern was painted onto the sample surface for recognition points used by Instron’s

DIC Replay software [137]. All DIC was completed by the Naval Nuclear Laboratory. Eight

strain levels were obtained and a minimum of five virtual strain gauges of random sizes

were used per sample at various places throughout the gauge length. The elastic strain was

removed from each sample prior to determining the axial and lateral strain components.

5.2.4 Microhardness

Microhardness was measured using 500g Knoop indenter along the gauge length from the

pin grips to the fracture on all samples pulled to failure. Half of the thickness was re-

moved through mechanical grinding, and the surface was mechanically polished prior to

microhardness measurements. Two rows of microhardness measurements were completed

along the centerline of the gauge length, as shown in Figure 5.1. Sample preparation and

hardness measurements were performed by the Naval Nuclear Laboratory with hardness

locations specified to the Naval Nuclear Laboratory . lmageJ was used to determine the

width at each measurement as well as the distance from the measurement to the fracture

surface [145].
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Figure 5.1: Schematic of Knoop hardness indents along the gauge length.

Lateral engineering strain at each indent was determined by dividing the change in

width by the initial width of the specimen. Axial engineering strain was calculated from

the axial vs. lateral strain relationship developed for isotropic materials in Equation 4.10.

The relationship was only used at hardness locations that were greater than one fillet radius

from the fillet. Strain values of up to 60% axial engineering strain were considered since

the relationship is only valid up until the onset of necking.

5.2.5 X-ray Diffraction

Tensile samples pulled to failure at 21 ◦C were analyzed using XRD; the samples were repol-

ished after hardness testing to remove all deformation induced by hardness testing. Sample

preparation and XRD was completed by the Naval Nuclear Laboratory with provided pa-

rameters. Optical micrographs showing the locations of XRD analysis are shown in Figure

5.2, where location 1 is closest to the fracture surface and location 10 is furthest from the

fracture surface on the gauge length. Location 10 is at a distance no less than one radius

away from the fillet. Three locations in the grip region were also analyzed using XRD to

provide a baseline.
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Figure 5.2: Schematic of XRD locations for (a) heat 1, (b) heat 2, and (c) heat 3.

XRD was performed with a Bruker-AXS D8 Discover diffractometer using a Co Ka

microfocus X-ray tube; four frames were collected at 54, 74, 94, and 114◦ 2θ. Diffraction

patterns were analyzed using MDI, Inc’s JADE Pro software [146]. Phases present were

identified by comparing diffraction patterns to reference patterns in the ICDD PDG4+ 2020

database.

Microstrain is calculated by peak broadening through the Williamson-Hall analysis:

B(2θ) = 4ε
sin(θ)

cos(θ)
(5.1)

Where B is the peak width, θ is the diffraction angle, and ε is the microstrain. Micros-

train is quantified by the root mean square of lattice parameter variation.

5.2.6 Electron Backscatter Diffraction

Electron backscatter diffraction was performed by the Naval Nuclear Laboratory using the

Hitachi SU21 3 Field Emission Gun SEM with an Oxford detector for the 21 ◦C samples

pulled to failure and a Thermo-Fisher Scientific Apreo S Field Emission Gun SEM with an

EDAX detector was used for the high temperature samples pulled to failure and the DIC
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samples. All maps were collected with Oxford Instruments Aztec 4.2 software [147]. Maps

were collected on 300 µm x 300 µm areas using a step size of 0.5 µm at locations shown in

Figure 5.3; the map closest to the grip section was located no closer than one radius from

the fillet.

Figure 5.3: Schematic of EBSD locations for (a) heat 1, (b) heat 2, and (c) heat 3.

Channel 5 was used to analyze the maps [148]. All EBSD maps were cleaned according

to the noise reduction parameters: wild spikes were eliminated and a standard, iterative,

extrapolation of the zero solutions was completed with five neighbors until a minimum of

zero solutions was achieved [148]. The mean angular deviation and confidence index were

used to determine the quality of the EBSD maps and phase and mean local misorientation

were determined for each map.

Mean Angular Deviation/Confidence Index

The two microscopes used for the EBSD analysis use different parameters to assign map

quality by likelihood of a correct index. The Oxford Instruments detector determined the

quality of the maps after cleaning by a mean angular deviation (MAD). MAD is a number

that relates how well the Kikuchi band matches the set of simulated Kikuchi band patterns.

The smaller the MAD number, the better the fit. A MAD of less than 1 is acceptable for

many systems.
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The EDAX detector uses the confidence index (CI), which is a voting based system

which votes on the likelihood of a map with the best solution minus the votes that were

assigned to the second best solution. A CI of greater than 0.1 means that the solution is

likely to be the correct solution. A low confidence index can be a result of high strain or

too small of crystallite size, resulting in overlap of patterns.

Phase

Phase maps were created and phase fractions determined by considering both austenite and

BCC martensite phases for the samples pulled to failure and austenite, BCC martensite, and

HCP martensite for the DIC samples. An input of which phases to consider was entered into

the software during the scan to allow indexing and phase identification to run concurrently

with scanning.

Local Misorientation

Local misorientation (LM) is a component that calculates the average misorientation be-

tween every pixel and its neighboring pixels. LM is a Kernel Average Misorientation, which

is defined as:

KAMi,j =
1

|N(i, j))|
∑

(k,l)∈N(i,j)))

ω(oi,j , ok,l) (5.2)

Where |N(i, j)| are the neighboring pixels, which is a user defined parameter, and

ω(oi,j , ok,l) is the amount of disorientation from the pixel of interest’s orientation oi,j and

the orientation of neighboring pixels ok,l [149].

LM for each phase was determined with a minimum of 0 and a maximum of 10; values

with an orientation above 10 are discarded to exclude grain boundaries from the local mis-

orientation calculations. A filter size of a 3x3 grid was used as the neighboring pixels for the

calculation. The value of mean local misorientation is an average of all local misorientation

values for all points in the map that did not have a zero solution.
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5.3 Results

5.3.1 Tensile Testing

Mechanical properties including yield strength, ultimate tensile strength, total elongation,

and reduction in area were measured or calculated from the tensile experiments of the

samples pulled to failure and are shown in Table 5.2. The 0.2% yield strength, UTS, total

elongation, and reduction in area decreased with increasing temperature except for samples

from heat 1 where the reduction in area increased from 21 to 250 ◦C with a slight decrease

in reduction in area from 250 to 338 ◦C. Heat 3 had a higher 0.2% yield strength and UTS

than the other two heats for each temperature tested and started with lower total elongation

and reduction in area. With the exception of the increase in reduction in area of heat 1

with increasing temperature, the mechanical properties for heats 1 and 2 are similar.

Table 5.2: Mechanical properties for each heat tested to failure at 21, 250, and 338 ◦C.

Heat Temperature 0.2% yield UTS Total Reduction

(◦C) (MPa) (MPa) Elongation (%) in Area (%)

21 242.7 604.7 97.8 84.4

1 250 157.9 428.9 63.8 88.9

338 149.6 430.9 63.7 87.5

21 246.8 595.7 93.2 84.1

2 250 159.3 410.2 56.2 77.4

338 142.7 399.9 53.3 69.7

21 671.5 825.3 50.5 69.9

3 250 590.9 650.2 19.1 52.4

338 546.8 635.7 20.9 48.0

5.3.2 Microhardness

Hardness values in the gauge section are plotted against the axial engineering strain, cal-

culated from Equation 4.10, for each heat in Figure 5.4. With the exception of the cold

worked starting condition at high temperatures, the minimum value of axial engineering
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strain was about 30% for all points.

The data was separated into four subsets: low temperature with and without cold work

and high temperature with and without cold work. Low temperature, 21 ◦C, resulted in

higher hardness values for the same material heats with cold worked samples having higher

hardness and lower strain values than the materials that were in the mill annealed condition.

The same relationship holds true for higher temperatures: cold worked samples have higher

hardness at lower strains than the mill annealed samples.

There is little difference in the hardness and strain relationship between samples tested

at the two higher temperatures. The higher temperature tests resulted in lower engineering

strain and hardness than the low temperature tests. No clear relationship between strain

and hardness is evident for any of the samples tested.

Figure 5.4: Hardness vs axial engineering strain for heats 1, 2, and 3 at 21, 250, and 338 ◦C.

5.3.3 X-ray Diffraction

The average percent microstrain of austenite in the 21 ◦C sample pulled to failure, as a

function of location, is shown in Figure 5.5. There is a general trend of the microstrain
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decreasing when moving away from the fracture surface on the gauge length. The micros-

train drops to nearly 0% in the grip sections of both heats 1 and 2 but only to about 0.25%

in heat 3. This is consistent with the mill annealed microstructure found in heats 1 and 2

and the cold work present in 3, as the grip region is not expected to deform during tensile

pulling.

Figure 5.5: Microstrain in austenite at each location within the gauge section for heats 1, 2, and 3 at 21 ◦C.

The phase fraction, in volume percent, of transformed martensite at each location for the

21 ◦C samples pulled to failure is shown in Figure 5.6. The phase fraction of martensite is

highest near the fracture surface where the microstrain values are the highest and decreases

along the entire gauge length for heats 1 and 2. The phase fraction of martensite in heat 3

decreases when moving away from the fracture surface before increasing again; martensite

was also detected in the grip region of heat 3 but not detected in the grip region of heat 1

or 2.
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Figure 5.6: Phase fraction, (vol %), martensite as a function of location for the heats 1, 2, and 3 at 21 ◦C.

5.3.4 Electron Backscatter Diffraction

Specimens Pulled to Failure

The forescatter diode (FSD) image, phase map, and local misorientation for heat 1 strained

to failure at 21 ◦C at the fracture, two other locations in the gauge length, and in the grip

region are shown in Figures 5.7, 5.8-5.9, and 5.10, respectively. In the FSD image near the

fracture, there is banding evident in the microstructure. This banding correlates with areas

of higher local misorientation, as shown in green in the local misorientation map. There is

also martensite that is detected at this point in the sample, which is colored blue in the

phase map.
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Figure 5.7: FSD image, phase, and local misorientation maps for heat 1 at the fracture.
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Figure 5.8: FSD image, phase, and local misorientation maps for heat 1, 4.6 mm from the fracture.
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Figure 5.9: FSD image, phase, and local misorientation maps for heat 1, 9.6 mm from the fracture.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



5.3. RESULTS 56

Figure 5.10: FSD image, phase, and local misorientation maps for heat 1 in the grip region.

The white regions in both the phase and local misorientation maps are points of zero

solutions. Cleaning of the data decreases the zero solutions present in the map by comparing

points in the map to their neighbors, attempting to index points that were not indexed.

The FSD in Figure 5.10 shows the undeformed microstructure located in the grip section
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of heat. Large grains with twins present are apparent. The phase map indicates that there is

no martensite present in the grip region, which is in agreement with the results of the XRD

phase analysis. The local misorientation present in the grip region is mostly concentrated

around the grain boundaries and in the twins and twin boundaries. There is much less

white, or zero solutions, present in Figure 5.10, which indicates that a larger fraction of

points were able to be indexed.

Table 5.3 shows the results of the EBSD analysis after cleaning the data to decrease zero

solutions. The percent zero solutions are the highest near the break and decreases along the

gauge length moving away from the break; the percent zero solutions are the lowest in the

grip region. As the percent of zero solutions decreases, the total mean MAD/CI also tends

to decrease/increase, which means there is a better match between the detected Kikuchi

bands and the simulation used to index the bands. The local misorientation also decreases

from the fractured surface to the gauge length and is the lowest in the grip regions. As the

local misorientation decreases, so does the vol% BCC, which is α’ martensite or δ ferrite.

The highest value of martensite exists at the fracture and decreases to nearly zero in the

grip region.

The mean local misorientation is plotted against the lateral engineering strain for all of

the broken specimens in Figure 5.11. The top graph, (a), includes mill annealed and cold

rolled starting conditions, and the bottom graph, (b), excludes the cold worked samples. A

linear correlation with more scatter is present for all samples and becomes stronger when

the cold worked samples are removed. Distinct groups of data points are present in (b).

The low strain values correspond to the grip region; the grips are assumed to not strain

upon loading and are taken to be zero axial strain. The group of data points around 0.2

are the high temperature tensile tests, the group around 0.3 are the low temperature tests,

and the two highest groups are the high temperature and low temperature neck regions,

respectively.
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Table 5.3: EBSD results after cleaning data.

Heat Temperature Starting Distance % Zero % FCC % BCC Mean Mean
(◦C) Condition from Solutions MAD/ LM

Break CI
(mm)

1 21 As 0.6 17.62 61.77 20.62 0.874 2.8057
machined 4.6 0.2739 98 1.727 0.6792 2.1436

9.6 0.06241 99.3 0.6327 0.6314 1.7003
grip 0 100 0 0.4657 0.2514

1 250 As 0.5 0.05177 99.89 0.06118 0.4697 2.2382
machined 5.5 0 99.95 0.04956 0.6193 1.0899

10.5 0 99.97 0.02879 0.619 0.9896
grip 0 99.96 0.04374 0.5553 0.8048

1 338 As 0.5 0 99.92 0.07835 0.4651 1.9429
machined 5.5 0.002215 99.96 0.03461 0.6635 0.9961

9.5 0 99.97 0.02575 0.6085 1.0464
grip 0.007198 99.86 0.134 0.6265 0.7527

2 21 As 0.4 20.22 31.45 48.33 0.9178 2.626
machined 4.4 4.831 78.56 16.61 0.9304 1.9809

9.4 1.416 87.44 11.14 0.7584 1.9181
grip 0.005833 99.96 0.03639 0.4958 0.3793
grip 0.02194 99.81 0.1728 0.6311 0.4092

2 250 As 0.5 0.01633 99.93 0.05399 0.5804 1.7409
machined 3.4 0.04319 99.89 0.06395 0.6422 1.0667

7.5 0.0005537 100 0.00443 0.6649 1.1448
grip 0 99.95 0.049 0.696 0.7228

2 338 As 0.5 0.09718 99.82 0.08389 0.51 1.9863
machined 4.5 0.004707 99.96 0.03904 0.6351 0.8973

9.5 0.02132 99.93 0.05094 0.6042 1.151
grip 0.001384 99.89 0.1058 0.6483 0.853

3 21 20% Cold 0.5 27.35 44.39 28.26 0.9708 2.1472
Rolled 2.5 3.862 56.58 39.56 0.7327 2.0063

4.5 0.9403 85.98 13.08 0.6983 1.9881
grip 0.1344 97.61 2.251 0.4532 0.8511

3 250 20% Cold 0.5 0.3654 97.86 1.776 0.4687 2.0481
Rolled 3.5 0.04374 97.57 2.39 0.6284 1.1351

7.5 0.2349 93.65 6.085 0.5251 1.2683
grip 0.03267 99.33 0.6384 0.5606 1.241

3 338 20% Cold 0.5 1.967 93.63 4.399 0.3917 2.2673
Rolled 3.5 0.1002 67.86 32.04 0.3027 1.3381

6.5 0.0144 98.42 1.563 0.5825 1.0926
grip 0.0191 99.49 0.4898 0.5537 1.2233
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Figure 5.11: Relationship between axial engineering strain and mean local misorientation for all samples (a)
and for samples without cold work (b).

Specimens Strained Using DIC

Local misorientation in the gauge for one EBSD location at each strain level is shown in

Figure 5.12, and a plot of the values for the average local misorientation is shown in Figure

5.13. The local misorientation is low at the low levels of strains and increases linearly

with increasing strain. Formation of deformation induced martensite is also apparent as

the red in the local misorientation maps. Areas of high dislocation density are consumed

by the formation of martensite, as is evident by the decrease in large green areas (local

misorientation) and increase in martensite between 45%-55% strain.
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Figure 5.12: Local misorientation (green) and engineering strain as produced during uniaxial straining. Red
areas in the maps are α’ martensite.

Figure 5.13: Local misorientation and plastic strain as produced during uniaxial straining

Martensite phase fraction is plotted against residual axial engineering strain for the

samples with controlled strain levels in Figure 5.14. As is consistent with the local misori-

entation maps, the martensite is low at low levels of plastic strain and experiences rapid

increase around 30 % plastic strain.
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Figure 5.14: Martensite content and plastic strain as produced during uniaxial straining

5.4 Discussion

5.4.1 Mechanical Properties

Differences are seen in mechanical properties between heat 3 and heats 1 and 2; heat 3

has a notably higher yield strength, UTS, and hardness with lower total elongation and

reduction in area. The differences are due to heat 3 being cold rolled to 20% reduction in

thickness prior to the tensile samples being machined and tested. Cold working results in

an increase in dislocation density, thereby increasing mechanical properties when testing in

uniaxial tension.

Decreases in mechanical properties, such as yield strength and UTS, with increasing

temperature have been reported by others and have been explained by increasing stacking

fault energy with increasing temperature [9]. At lower temperatures and low SFE, strain

induced martensite, which is a harder phase than austenite, can form, but its formation is

suppressed at higher temperatures and higher SFE where mechanical twinning and disloca-

tion glide are the dominant deformation mechanisms [58,60,150]. The relationship between

temperature and mechanical properties will be discussed in more detail in the following

chapter.
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5.4.2 Hardness

Strain across the width of the gauge section is not uniform at distances closer than one

fillet radius to the fillet and is more difficult to obtain through traditional testing [134].

Therefore, this region was not considered in the analysis. All temperatures tested resulted

in a large range of hardness values for the same level of strain; differences of over 200 HK

existed between samples tested at different temperatures. The higher average hardness in

the samples strained at 21 ◦C may be partly due to strain induced martensite, which has a

higher hardness than austenite. Similar hardness behavior for the two higher temperatures

suggests that the deformation mechanisms active at both high temperatures were the same.

Cold rolled samples had a higher hardness for the same temperature than the mill

annealed samples, the cold rolled samples contain dislocations and martensite in the starting

microstructure which both act to increase hardness. No clear relationship is evident between

hardness and axial engineering strain, as shown by the scatter in the data in Figure 5.4.

However, there are similar axial engineering strain and hardness ranges for each group,

shown by the dashed ovals. The majority of the data collected for each sample had a

narrow hardness range suggesting that much of the gauge length had a more uniform strain

behavior with the exception of the area closest to the fracture.

As shown in other studies, above 30% strain, hardness values underestimate strain

present in the material [140, 141]. Minimum strain values for heat 3 are around 5% strain,

which is below the 30% strain threshold; many of the strain values determined in heat

3 maintained near 20% suggesting that deformation behavior in tensile testing is affected

by material condition before testing. Deformation induced by cold rolling was present in

samples, resulting in a plastic strain greater than that measured by axial strain alone. Both

heats 1 and 2 have minimum strain values of around 40% making the use of hardness as

measurement of strain invalid with a need for other parameters to relate to strain present.

5.4.3 XRD and EBSD

plastic strain

Similar results can be seen between the XRD and EBSD for the 21 ◦C samples, although

XRD measurements can only provide qualitative results since error in measurement may
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be as high as 50%. Strain is left in the material after plastic deformation that contains

both elastic and plastic plastic strain components [142]. Shifting of an XRD peak can

inform the elastic strain left in the material since small changes in d-spacings are due

to the nonconservative volume change that accompanies elastic strain. Plastic strain from

dislocations, stacking faults and lattice distortions can be quantified by the peak broadening

in a quantity referred to as microstrain [142,143].

Microstrain values, as determined by XRD, do not vary much between heats, although

heat 3 had a much lower range between the grip region and fracture than the other two

heats. Microstrain measured in the grip region, which is the microstrain present in the

sample before tensile testing, for heat 3 is about 0.25%. Since microstrain is measured on

the microlevel, the values reported are not the same as macro plastic strain levels and are

used for general trend comparisons in this work.

The trends in local misorientation, determined by EBSD, follow the trends in micros-

train, although the relationship between strain and local misorientation can be used to

predict the bulk plastic strain level in the sample. Local misorientation and lateral strain

follow a linear relationship quite well with a better fit resulting when only considering the

mill annealed conditions. A linear relationship between plastic strain and misorientation is

reported for many material systems [66, 71–73]. The amount of measured lateral strain in

cold worked samples would not only be due to straining to failure but also the plastic strain

induced by cold working.

Local misorientation of the DIC samples also show a linear trend between local misori-

entation and lateral strain, although, as discussed previously, this relationship is specific to

material, deformation path and microscope parameters [71, 74]. Care must be used when

trying to extend this relationship to other materials and deformation modes.

Phase

Deformation induced martensite can be quantified from the XRD and EBSD data, although

neither technique has the ability to differentiate between α’ martensite and δ ferrite, as they

are both BCC iron phases. Some of the martensite reported by these analyses is due to the δ

ferrite that was in the starting microstructure. Results from XRD and EBSD of the samples
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pulled to failure at 21 ◦C both showed that heat 3 in the cold rolled condition had the highest

martensite content followed by heat 2 and heat 1. The deformation microstructure formed

by cold rolling may also increase the martensite nucleation sites, resulting in more martensite

formed in the cold rolled samples [43,151]. The low content of martensite found in the grip

region, as compared to the gauge region, suggests that strain induced martensite formed

in each sample. Only the 21 ◦C samples were tested with XRD, although all temperatures

were tested with EBSD to determine the effect of temperature on strain induced martensite.

Martensite, quantified using EBSD, for the high temperature samples show that marten-

sitic transformation is suppressed at the high temperatures; no martensite forms for heat

1 or 2 in the gauge length at elevated temperature. However, heat 3 shows martensite

present in the gauge length of the samples tested at higher temperatures. The grip re-

gion of all samples show that the starting martensite content was similar to that found in

the low temperature tests, so martensite present in that heat is likely a result of strain.

The deformation microstructure formed by cold rolling may create martensite nucleation

sites that are able to be activated at high temperatures, while the nucleation sites are not

present in the mill annealed samples. At elevated temperatures, the mill annealed samples

do not create martensite nucleation sites and therefore no high temperature deformation

induced martensite is formed in the high temperature, mill annealed samples. The forma-

tion of high temperature deformation induced martensite will be discussed in detail in the

following chapter.

The samples pulled to controlled levels of strain using DIC shows little martensite trans-

formation at low strain levels followed by a sharp increase in martensite at higher levels

of engineering strain. Martensite forms in areas of high local misorientation, consuming

the deformation microstructures present during transformation as was evident in the maps

in Figure 5.12. The relationship between martensite and strain is consistent with room

temperature deformation induced martensite created by uniaxial tension [10,152,153].

5.5 Conclusions

Material condition (cold work) before tensile testing affects the behavior of the material

tested during uniaxial tension. Prior cold work results in higher yield strength and ultimate
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tensile strength with lower total elongation. Smaller variations between microstrain, local

misorientation, and phase fraction of martensite were found between the grip section and

along the gauge length for the samples that had been cold worked. On average, the sample

with cold work showed lower local misorientation and phase fraction of martensite at the

fracture surface. Cold work may change the deformation mechanism on tensile straining.

The strain levels present in the samples pulled in tension to failure are too large to use

hardness as a proxy for strain. Above about 30% strain, the hardness values predict a lower

value of strain than is present in the sample; this is evident in the graph of engineering

strain versus hardness, where there is a large amount of scatter in the hardness values at

high strain values. Hardness was not able to be used as a proxy for strain because the

samples had over 30% strain at the point of fracture.

A linear relationship exists between local misorientation and lateral engineering strain.

Known anisotropy is required to relate lateral engineering strain to the normally reported

axial engineering strain.

A relationship between local misorientation residual axial strain has been created for

304 pulled in uniaxial tension. The relationship is specific to this grade and these testing

conditions as well as the microscope EBSD collection parameters. With proper calibra-

tion to individual materials and starting conditions, unknown plastic strain levels can be

determined in components through measurement of local misorientation.

Deformation induced martensite formed in all samples pulled in tension to failure at

room temperature. Both XRD and EBSD were used to determine phase fraction of austenite

and martensite at various points in the gauge length and grip region. Martensite was

detected in the gauge length of all samples, while only the sample cold worked prior to

tensile testing had martensite present in the grip region. The martensite in the samples

not cold worked was induced during tensile testing. Components present in a reactor may

contain deformation induced martensite from the finishing procedures, many of which take

place near room temperature, where martensite is shown to form. The effect of martensite

on oxidation will be considered in more detail in a following chapter.

Deformation induced martensite was suppressed at high temperatures, with the excep-

tion of the cold rolled samples. EBSD analysis of the high temperature tensile samples
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showed that the mill annealed samples did not contain any martensite in the samples, al-

though the cold worked samples showed martensite present in the gauge that exceed that

in the grip region. High temperature deformation induced martensite will be discussed in

more detail in the following chapter.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



CHAPTER VI

High Temperature Deformation Induced Martensite

6.1 Introduction

The 300 series austenitic stainless steels are extensively used in the primary circuit of pres-

surized water reactors (PWR) due to their low cost, wide availability, ease in manufacturing,

and good resistance to oxidation in the environment present in the reactors [11]. As dis-

cussed in detail in the Technical Background, 304 stainless steel is metastable, where the

austenite, normally an FCC crystal structure, can transform to martensite upon defor-

mation or cooling [154, 155]. A requirement accompanying martensitic transformations is

an orientation relationship between the austenite and martensite, this prevents martensite

from transforming across grain boundaries [155]. The two forms of martensite that can be

transformed in 304 are ε, which has a HCP crystal structure, and α’, which has a BCC crys-

tal structure. Proposed nucleation sites include shear band intersections, grain boundary

triple points, twin boundaries, and twin intersections [156–159], resulting in fine martensite

grains, increasing the grain boundary density in the material.

The temperature at which martensite spontaneously transforms upon cooling is a func-

tion of the alloying content and can be above room temperature for some 300 series alloy

compositions. Eichelmann and Hull, Monkman, and Pickering independently created em-

pirical equations to calculate the temperature that marks the start of martensite transfor-

mation (Ms) for cooling induced martensite transformations [3, 160, 161]. These equations

are dependent upon alloying content of carbon, chromium, nickel, nitrogen along with other

minor alloying additions.

Deformation-induced martensite can occur above the temperature for spontaneous trans-
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formation upon cooling and is related to the dominant deformation mode present during

deformation. Dominant deformation mode is related to the stacking fault energy (SFE),

which is the energy required for partial dislocations to form and associated with the dis-

tance between partial dislocations. The stacking fault energy is concomitant with cross slip

on glide planes and dislocation climb. Materials with low stacking fault energies promote

martensite transformation via austenite to ε martensite and subsequent transformation of

ε martensite to α’ martensite at higher levels of strain [41, 162]. Low stacking fault energy

materials also promote deformation microstructures which act as martensite nucleation

sites [49].

Alloying content and temperature have an effect on the stacking fault energy in austenitic

stainless steels; SFE increases as temperature increases [162]. Increasing nickel, molybde-

num, and carbon increases the stacking fault energy while increasing chromium, manganese,

silicon, and nitrogen decreases the stacking fault energy [163]. Regression analysis was used

to determine a relationship between stacking fault energy and the major alloying content

for austenitic stainless steels as follows [163]:

SFE = −53 + 6.2(%Ni) + 0.7(%Cr) + 3.2(%Mn) + 9.3(%Mo)
mJ

m2
(6.1)

While the 304 grade along with some other 300 series austenitic stainless steels are

metastable, not all grades in the 300 series are metastable and can be transformed to

martensite due to differences in alloying compositions. Increasing temperature also increases

the stacking fault energy, changing the dominant mode of material deformation, suppressing

deformation-induced martensite [41,162].

Extensive studies have considered the effect of temperature on the deformation-induced

martensite transformation in annealed 304 [10,152,153]. Martensite transformation extent

was modeled by Olson and Cohen by determining the shear band creation rate and number

of shear band intersections as a function of true strain and temperature [10]. The model

created by Olson and Cohen to predict the fraction of deformation-induced α’ martensite

is given in Equation 6.2 [10].
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fα′
= 1− exp {−β[1− exp (−αϵ)]n} (6.2)

Where β is the probability of martensitic embryo formation, accounting for temperature

and geometry, α is a strain dependent constant that is related to shear band formation at low

strain rates, and ϵ is true strain. Both α and β parameters are dependent on temperature,

and the value of martensite saturation is determined by β. Both α and β control the rate

of approach to the saturation level. The shape of Equation 6.2 when martensite is plotted

against true strain is sigmoidal in shape. Martensite forms the fastest with increasing strain

at the lowest temperatures, while martensite saturation fraction decreases with increasing

temperature. Martensite is not predicted to transform above 50 ◦C according to the Olson

and Cohen shear band formation model.

Shear band intersections were considered to be exclusive martensite nucleation sites in

the model. As mentioned previously, shear band intersections are not the only martensite

nucleation sites that can be activated. A study by Abrassart on stress-induced marten-

site transformation in carbon steel considered the effect of activation of other potential

nucleation sites [164]. The effect of prestraining at elevated temperature on the dominant

deformation structures created along with the martensitic transformation upon cooling was

studied. Prestraining at lower temperatures resulted in enhanced martensitic transfor-

mation upon cooling compared to samples that were not prestrained. The deformation

structures created by prestraining at low temperatures promoted further transformation of

martensite upon cooling.

Another limitation of the Olson and Cohen model and the experimental work on deformation-

induced martensite is that only the annealed starting condition was studied. Forming and

finishing processes on components in service often leave a deformed microstructure different

to that found in annealed material. Although deformation-induced martensite is not pre-

dicted to form above 50 ◦C for an annealed starting condition, this temperature may shift

with other material starting conditions. Results from Chapter 5 indicate that deformation-

induced martensite forms at room temperature for mill annealed and cold rolled starting
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conditions, while deformation of the cold rolled starting condition at elevated temperatures

also results in deformation induced martensite.

Mode of deformation and deformation mechanisms have been shown to change the

amount of deformation-induced martensite. Hecker et. al. have shown that biaxial ten-

sion resulted in higher transformation than uniaxial tension [152], and cold rolling and cold

drawing have also been studied and have shown different transformation amounts between

the mechanisms [165]. Most studies have focused on the low temperature transformation,

within the temperature limits of the model created by Olson and Cohen. An instance of high

temperature strain induced martensite transformation has been reported in duplex stain-

less steels [166]. Little information exists in the open literature on deformation-induced

martensite at high temperatures similar to those that may be present in a nuclear reactor.

This study will consider strain induced martensite at high temperature with a focus on

starting material conditions of cold rolled and annealed. Mechanical behavior of annealed

and cold rolled conditions is studied at room temperature and elevated temperatures. Strain

induced martensite is studied using electron backscattered diffraction to identify phase frac-

tions of austenite and martensite. High temperature deformation-induced martensite can

have important implications in environments present in PWRs, which are also susceptible

to EAC. Martensite has been shown to display different oxidation behavior in some envi-

ronments, compared to austenite [88]. Martensite transformation, which has been shown

to occur at a crack tip of an EAC [167], may change the crack oxidation and propagation

behavior in corrosion fatigue or stress corrosion cracking.

6.2 Experimental Procedure

6.2.1 Material

Three heats of a 304 stainless steel were studied with composition and stacking fault energies

calculated using Equation 6.1 are given in Table 6.1. The average grain size of heat 1, 170

µm, is slightly larger than that for heat 2, 130 µm, and heat 3, 120 µm, and small amounts

of δ ferrite were present in every heat. Dog bone specimens with rectangular cross sections

were machined from each heat according to Figure 6.1. A section of material from heat 3

was cold rolled to 20% reduction in thickness with one rolling pass before machining dog
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bone specimens.

Table 6.1: Composition and stacking fault energy of the 304 stainless steel heats.

Heat C Mn P S Si Cr Ni Mo N Cu SFE (mJ/m2)

1 0.042 1.70 0.026 0.006 0.045 18.39 8.72 0.26 0.07 0.17 19.4

2 0.040 1.46 0.002 0.015 0.045 18.39 9.13 0.26 0.03 0.10 21.2

3 0.040 1.45 0.021 0.016 0.045 18.36 9.28 0.26 0.03 0.10 22.0

Figure 6.1: Tensile specimen used for uniaxial straining.

6.2.2 Uniaxial Tension

The test matrix for the specimens investigated is compiled in Table 6.2. One dog bone

specimen of heat 1 and heat 2 in the mill annealed condition and one from heat 3 in the

20% cold rolled condition were pulled in uniaxial tension to failure at 21, 250, and 338 °C

and air cooled at room temperature after failure. Dog bone specimens of the mill annealed

condition of heat 3 were pulled in uniaxial tension in room temperature air using Digital

Image Correlation (DIC) to specified amounts of plastic strain from 10-60% axial engineering

strain before unloading to zero load. All samples were pulled in uniaxial tension at a rate

of 0.0036 mm/s up to 4% strain after which the rate was increased to 0.042 mm/s to the

final desired strain level or failure.
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Table 6.2: Test matrix for all specimens.

Heat Starting Material Temperature (◦C) Final State/

Condition plastic strain (%)

21

1 Mill Annealed 250 Failure

338

21

2 Mill Annealed 250 Failure

338

21

3 20 % Cold Rolled 250 Failure

338

Mill Annealed 21 5, 10, 20, 30, 40, 55, 60

6.2.3 Microstructural Characterization

The starting microstructure of each heat was determined through optical microscopy. Pol-

ished samples were electrolytically etched using 10% by volume oxalic acid in water at 6V.

Optical microscopy with polarized light was used to image the microstructure.

6.2.4 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) was performed using a Thermo-Fisher Scientific

Apreo S Field Emission Gun SEM with an EDAX detector for 21 ◦C specimens pulled to

plastic strain values using DIC and a Hitachi SU21 3 Field Emission Gun SEM with an

Oxford detector for the specimens pulled to failure at all temperatures. All maps were

collected with Oxford Instruments Aztec 4.2 software [147]. Maps were collected on 300 µm

x 300 µm areas using a step size of 0.5 µm at 3 points in the gauge length and one point in

the grip on each specimen. Random EBSD map locations in the gauge were collected for

the specified strain samples, while the EBSD map locations for the fractured samples were

evenly spaced in the gauge from the fracture towards the grip.

Phase maps were created for each EBSD map using FCC austenite and BCC martensite

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



6.3. RESULTS 73

for the samples pulled to failure and FCC austenite, BCC and HCP martensite for the

samples pulled to specified value of strain using Oxford’s HKL Channel 5 software [148].

Successive maps were created moving from the fracture to toward the grip on the fractured

specimen while three locations at random points in the grip were created for the controlled

strain samples and average phase fractions were determined.

6.3 Results

6.3.1 Mechanical Properties

Stress vs. strain plots are shown in Figure 6.2 for the samples pulled in uniaxial tension

to failure in air at all three test temperatures, and the yield strength as a function of

temperature is shown in Figure 6.3. The highest yield strength, ultimate tensile strength,

and elongation at failure is evident with the lowest temperature test. Similar mechanical

property values are apparent between the two higher temperatures, although the highest

temperature results in a slight decrease in total elongation and ultimate tensile strength.

Heats 1 and 2 display similar behavior at all temperatures tested while heat 3, which was

cold rolled prior to uniaxial tension, shows a pronounced increase in yield strength and

ultimate tensile strength while also having a lower total elongation and lower strain at

failure. The negative correlation, given by the slope of a linear fit in Figure 6.3, between

yield strength and temperature is consistent for each heat.

Figure 6.2: Stress vs strain curves for all three heats at the three temperatures tested in uniaxial tension to
failure.
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Figure 6.3: Yield stress for all heats pulled to failure for each temperature.

6.3.2 Microstructure

Starting microstructure for heats 1 and 2 in the mill annealed condition and heat 3 in the

20% cold rolled condition is shown in Figure 6.4. All three heats have similar microstructure,

with heat 1 having a slightly larger average grain size than heat 2 and heat 3, and annealing

twins are present in all heats. Deformation from cold rolling, as indicated by the yellow

arrow, can be seen in the grip microstructure in heat 3, while no deformation is apparent

in starting condition of either heat 1 or heat 2. Deformation twins were also present in the

microstructure at all values of residual engineering strain in the samples pulled to controlled

strain levels in room temperature air.

Figure 6.4: Light optical microscopy for heats a) 1 and b) 2 in the annealed starting condition and c) 3 in
the 20% cold rolled starting condition. The yellow arrow in c) highlights deformation created by
cold rolling.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



6.3. RESULTS 75

6.3.3 Deformation induced martensite

Controlled Strain Levels of Uniaxial Tension

Martensite volume percent, as determined by EBSD at three separate regions in the gauge

region of each sample, is plotted against residual engineering strain in Figure 6.5 for heat 3

in the mill annealed condition pulled in uniaxial tension in room temperature air. The small

amount of δ ferrite present in the starting microstructure is included in this fraction. The

minimum and maximum values are given by the error bars. The percent martensite remains

low and fairly constant below 10% engineering strain, after which, it steadily increases with

increasing strain. The relationship between strain and martensite created by Olson and

Cohen is overlaid onto the data as the dotted line; a value of n = 4.5 in Equation 6.2,

consistent with what Olson and Cohen used for experimental data, fits the collected data

well [10].

Figure 6.5: Total martensite volume percent, determined by EBSD phase maps, vs engineering strain in the
gauge region The dashed line is the relationship between martensite and plastic strain created
by Olson and Cohen (Equation 6.2) [10].

EBSD phase maps for one location in the gauge of all of the samples pulled to various

levels of plastic strain are shown in Figure 6.6. Both ε (yellow) and α’ (red) martensite

were indexed on these specimens. ε is not present below 20% engineering strain, and the
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ε is exclusively located adjacent to α’ martensite at the higher strain levels. Martensite

remains low at low levels of plastic strain until it begins to form across austenite grains.

Fine grains of martensite are seen formed across austenite grains above 20% plastic strain

and martensite grains are formed between other martensite grains above 40% strain.

Figure 6.6: EBSD phase maps of austenite (blue), ε martensite (yellow), and α’ martensite (red) for plastic
strain samples: 5%, 10%, 20%, 30%, 40%, 45%, 55%, and 60%. Black scale bar for each map is
100 µm.

Uniaxial Tension to Failure

The volume percent of martensite was determined for each specimen pulled to failure at

each temperature and is plotted against the lateral strain determined by post test mea-

surements in Figure 6.7, with heat 1 represented by triangles, heat 2 by x’s, and heat 3

by circles. The low temperature tests are in (a), and the two elevated temperatures are

plotted together in (b). No martensite was found to be present in the grip region for each

sample; although, a small, nonzero, amount of martensite is present in the grip of the cold

rolled starting condition at all temperatures tested. δ ferrite was found to be present in the

starting material condition for all heats and is indistinguishable from α’ martensite using

EBSD since they are both BCC phases. The grip region is assumed to be close to the start-

ing microstructure of the material, incurring minimal deformation during uniaxial tension.

Deformation-induced martensite transformed in all heats at 21 ◦C. Martensite also formed
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in the gauge region of the cold rolled starting condition at the two higher temperatures,

although no martensite was detected at elevated temperatures for the annealed starting

condition. Deformation twins were present in the gauge region at all temperatures for all

heats.

Figure 6.7: Phase fraction of martensite as a function of lateral strain, measured by EBSD, for the room
temperature specimens pulled to failure a) and the high temperature specimens b) pulled to
failure.

EBSD phase maps for three locations in the gauge and one in the grip of the heat 3

specimen pulled to failure at 338 ◦C are shown in Figure 6.8 with approximate locations

given on the broken tensile specimen. Martensite was formed at all locations on the spec-

imen, including in the grip, indicating the starting condition contained a small amount of

martensite. The maximum martensite fraction is seen at the location second closest to the

fracture. Parallel bands of martensite, or laths, are seen at all locations except the map

within the necked region. The map in the neck shows approximately parallel bands formed

at the point closest to the fracture, although the martensite is seen to be curved, unlike

martensite formed in the other areas. Martensite did not form between other martensite

grains, as was seen in the room temperature tests in Figure 6.6. Martensite observed at

each location is sensitive to the grain orientation of each map and may not be representative

of the sample as a whole on relatively small map sizes.
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Figure 6.8: EBSD phase maps for 338 ◦C cold rolled specimen. Black scale bar for each map is 100 µm.

6.4 Discussion

6.4.1 Mechanical Behavior

Heat 3 displays markedly different mechanical behavior than heats 1 and 2 at all tempera-

tures; this is expected for a cold rolled material condition which contains a large amount of

deformation structures from its starting condition. The effect of dislocation pile ups, such

as would be present in a cold worked sample, on Hall-Petch strengthening is proposed by

Li [168] to increase the yield stress and subsequent UTS, as is seen in the stress vs. strain

curves for the cold worked specimens.

Both the annealed and cold rolled conditions exhibit similar changes in mechanical

behavior with increasing temperature. The mechanical properties decrease with increasing

temperature owing to the change in stacking fault energy and subsequent changes in the

dominant deformation mode [58,150,162]. Although cold rolling changes the general shape

of the stress vs. strain curve, cold rolling does not change the temperature dependent

mechanical properties of the material.
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6.4.2 Martensite Transformation in Room Temperature Air

plastic strain

A sigmoidal increase in martensite with increasing engineering strain in Figure 6.5 is con-

sistent with results compiled from Hecker et al and Angel and is modelled well by the Olson

and Cohen model in Equation 6.2 [10, 152, 153, 169]. Saturation of deformation-induced

martensite is not evident at 60% engineering strain, as predicted by the fit from Olson and

Cohen. The grips, which were labeled as 0% engineering strain, show some martensite, or

BCC phase from the EBSD analysis. As discussed previously, both α’ martensite and δ

ferrite are BCC phase and indistinguishable using EBSD. A small amount of δ ferrite was

found to be present in the starting material condition and can account for the α’ martensite

indexed in the grip region.

Variation in martensite content in Figure 6.5 at each strain level is likely due to the

small map size relative to the grain size. As mentioned previously, an orientation relation-

ship exists between the austenite and deformation-induced martensite. Only grains with

a favorable orientation to the axis of loading will transform to martensite. No specific

austenite orientation was found to preferentially transform to martensite in this work.

The EBSD phase maps in Figure 6.6 shows mainly austenite present at low levels of

strain. Increasing levels of strain results in martensite grains forming across austenite grains

along with martensite grains forming between martensite grains at higher levels of strain.

This is also consistent with the orientation relationship requirements between austenite and

martensite, martensite grains terminate at grain boundaries.

Both ε and α’ martensite were indexed on the EBSD phase maps. A maximum of ε

martensite around 15% strain, as reported in literature, was not apparent [170]; rather, ε

was not present until 20% strain. ε at high levels of strain is an unexpected result, as ε

martensite should be thermodynamically unstable at the large values of strain present in

the sample. Few reference Kikuchi patterns exist for low temperature HCP iron, so the

pattern used to index the ε phase is found at very high pressures. The location of the ε

martensite indexed is almost exclusively next to α’ martensite. As discussed previously, α’

martensite can directly transform from austenite, or ε martensite can be an intermediate
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phase in the transformation of austenite to α; martensite. The small amount of ε indexed

may be un-transformed ε martensite during the ε −→ α’ transformation.

Strain to Failure

As with the samples pulled to various levels of plastic strain, the mill annealed samples

pulled to failure in room temperature air (Figure 6.7) have a roughly a sigmoidal relationship

between plastic strain and martensite fraction formed. The relationship between strain and

percent martensite is less obvious for the cold rolled starting condition. The mill annealed

conditions are expected to behave similarly to those modeled by Olson and Cohen [10],

although similar studies have not considered cold rolled starting conditions. The cold rolled

starting condition contained deformation in the starting microstructure, as shown in Figure

6.4 and confirmed in EBSD analysis. Nucleation sites, in addition to those proposed by

Olson and Cohen, may be activated or created upon deformation resulting in a deviation

from sigmoidal behavior [10].

6.4.3 Martensite Transformation at Elevated Temperature

The Ms temperature for each heat, as determined by alloy composition using the Pickering

equation is shown in Table 2 [3]. Heat 1 requires the coldest temperature for cooling induced

martensite transformation, followed by heat 2, which is close to the temperature required

from heat 3. The specific values determined for Ms temperature are not of particular interest

for this study, although it confirms that these heats will not spontaneously transform to

martensite upon cooling unless cooled to a very low temperature. The temperature needed

to achieve spontaneous transformation is unlikely for many commercial applications.

Table 6.3: Ms temperature (◦C) for each heat using the Pickering empirical formula. [3]

Heat Pickering

1 -205

2 -128

3 -99

Because the low temperature required to spontaneously transform martensite was not
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reached during processing or the experiments, martensite transformed in all samples studied

was due to deformation-induced martensite mechanisms. Cold rolling can cause deformation-

induced martensite, which was seen in the grip of all of the heat 3 samples [165]. Heat 3

specimens underwent strain induced martensite at all temperatures tested, resulting in a

much higher temperature at deformation-induced martensite transformation than predicted

by Olson and Cohen [10]. Olson and Cohen and others who studied deformation-induced

martensite considered an annealed material starting condition and based their prediction

on creation of intersecting shear bands as nucleation sites for martensite.

As discussed previously, martensite nucleation sites have been proposed to include more

sites than shear band intersections alone. Martensite has also been proposed to nucleate at

grain boundary triple points, twin boundaries, and twin intersections [164]. A large amount

of deformation twins can result from cold rolling and were confirmed to be present in the

EBSD results, that may act as martensite nucleation sites at high temperatures.

Nucleation sites must be created and then activated for deformation-induced martensite

transformation. In the room temperature tested samples, where the stacking fault energy of

these alloys remains low, nucleation sites are created and activated during deformation. At

higher temperatures, the stacking fault energy increases, causing a change in the dominant

deformation mechanism, preventing deformation-induced martensite [41,162].

The effect of cold rolling and cold drawing on deformation-induced martensite has been

studied in a 316 grade stainless steel, which has a higher stacking fault energy due to addi-

tional alloying requirements and is more resistant to deformation-induced martensite than

304. Cold rolling creates a deformation microstructure that can contain martensite nucle-

ation sites that remain in the material at high temperature [169, 171], although deforma-

tion can also result in mechanical stabilization preventing martensite transformation [158].

Deformation-induced martensite mechanisms can proceed at higher temperatures when the

martensite nucleation sites are present because deformation only needs to activate the nu-

cleation sites.

Cold rolled starting material condition resulted in deformation-induced martensite at

all of the temperatures tested. During deformation, microscopic stress/strain states seen

at the grain level vary from grain to grain. Grains that are favorably oriented with the

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



6.5. CONCLUSIONS 82

direction of loading will see larger total strain and experience further deformation-induced

martensite. The relatively small size of the EBSD map compared to the grain size of the

material means that the location of the EBSD map can have a large effect on the amount

of martensite determined.

With the exception of the map closest to the fracture, the martensite morphology formed

in all of the maps of the cold rolled sample pulled to failure at 338 ◦C show nearly parallel,

alternating austenite and martensite grains. The map closest to the failure surface has

similar features, although the martensite and austenite no longer have linear features, but

the grains are curved. This suggests that the martensite found in this map was formed

before necking, and subsequently changed shape during necking. The stress state inside the

neck is triaxial, which is not specifically investigated in this study.

High temperature martensitic transformation in 304 has important implications for the

nuclear power industry in PWRs, where 304 components are exposed to high temperature

water. Under the right starting material conditions, the complex stress states present in

EAC can lead to high temperature deformation-induced martensite [167]. Computational

models used to predict EAC do not consider the possibility of high temperature deformation-

induced martensite, which can change the mechanical properties of the material along with

the oxidation resistance [172,173].

6.5 Conclusions

Stress vs. strain behavior differed between the annealed and cold rolled starting conditions.

The stress vs. strain curve for the annealed and cold rolled conditions showed different

behaviors at all temperatures. Cold rolling results in an increase in yield strength and

ultimate tensile strength with a reduction in uniform elongation compared to the annealed

condition. Deformation from cold rolling is responsible for the differences in mechanical

properties between the two starting material conditions.

The dominant deformation mode active at room temperature differs from that at the

two elevated temperatures studied. The stress vs. strain curve shows a decrease in yield

strength, ultimate tensile strength, and reduction in uniform elongation at elevated temper-

atures. Increase in stacking fault energy at elevated temperatures results in a change in the
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dominant deformation mode along with a change in mechanical properties. The dominant

deformation mode active at each temperature was not directly studied.

Cold rolling creates a deformation microstructure that promotes deformation-induced

martensite at high temperature. Deformation-induced martensite was observed to form

in specimens subjected to cold rolling prior to testing regardless of the test temperature.

The annealed material condition transformed to martensite with uniaxial tension at room

temperature, but no transformation was detected at the two higher temperatures.

Microstructure of the deformation-induced martensite in the cold rolled samples differs

from that of the annealed samples. Martensite is only found to form across an austenite

grain in the cold rolled samples, where martensite is also found to form between martensite

grains in annealed starting condition. In the region closest to the fracture of the elevated

cold rolled sample, martensite grains are no longer parallel. The martensite present in this

region formed before necking and curved during necking.

Under the right prior material condition and straining conditions during operation

martensite can be formed inside an operating PWR. Martensite has a different crystal struc-

ture than austenite and has been shown to have different oxidation behavior than austenite

in some environments. Material models may need to account for this phenomenon to obtain

more realistic outcomes.
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CHAPTER VII

Effect of Surface Condition on Oxidation in Low

Temperature Air

7.1 Introduction

Understanding the effect of near surface microstructure on short term oxidation kinetics

of austenitic stainless steel in low temperature air is necessary to understand the relation-

ship between material condition and environment. The austenitic grades form an oxide

layer(s) when exposed to air, which is accelerated at higher temperatures [80]. The effect of

temperature on oxidation often follows an Arrhenius relationship [174]. Kinetic studies of

oxidation behavior are commonly performed by thermogravimetric analysis (TGA), which

uses a microbalance coupled to a furnace system that simultaneously monitors the mass of

the sample while controlling the temperature and atmosphere [174, 175]. Kinetic param-

eters can be determined by fitting rate constants to mass change, normalized by surface

area, per time.

The main objective of this study is to induce different surface microstructures and study

the short time oxidation at low temperatures in synthetic air. High sample throughput

allowance of a TGA makes this system ideal to study a large range of sample conditions.

Two surface conditions, including near surface martensite and surface finish, are of interest;

this analysis focuses on machined sample finish at a range of low temperatures. Samples

were exposed to synthetic air at 280, 400, and 700 ◦C for 50 hours. Oxidation kinetics were

studied through thermogravimetric analysis during exposure along with mass measurements

before and after exposure. The oxide was imaged after exposure with a scanning electron

microscope (SEM) and a plasma focused ion beam (PFIB) to image cross sections.
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7.2 Technical Approach

7.2.1 Material

The materials of interest for this study include 304; select chemistry of the 304 is shown in

Table 7.1. The 304 was in an as machined material condition prior to thermogravimetric

specimen preparation.

Table 7.1: Chemistry for the 304 exposed to low temperature air.

Heat C Mn P S Si Cr Ni Mo N Cu

1 0.042 1.70 0.026 0.006 0.045 18.39 8.72 0.26 0.07 0.17

Thermogravimetric analysis samples of the 304 grade were created with electric discharge

machining (EDM) followed by mechanical machining to remove the surface induced through

EDM. A hole was drilled into the samples to allow for exposure in the TGA.

7.2.2 Thermogravimetric Analysis

TGA was used to expose machined finish 304 samples to a controlled atmosphere while

simultaneously monitoring the mass change. Experiments were performed in a Netzsch STA

449 F1 Jupiter in TGA mode. Samples were exposed to synthetic air (80% nitrogen/20%

oxygen) at a flow rate of 50 ml/min. Three exposure temperatures: 280, 400, and 700°C

were studied with the sample suspended on an alumina sample hanger. Each exposure was

repeated for a total of three exposures at each condition. Samples were heated at a rate of 20

°C/min and held 50 hours at the desired temperature. The sample chamber was evacuated

before exposure using one automatic vacuum cycle with an auxiliary vacuum system before

filling the chamber with the synthetic air and ramping the temperature. Netzsch Proteus

software was used to analyze the results after exposure.

7.2.3 Oxide Analysis

The morphology and thickness of the oxide created was studied using a FEI Helios 6600

Dual Beam PFIB/SEM. The oxide formed on the surface was imaged, and cross sections

were created using the PFIB and the oxide and metal interface was imaged with SEM.
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7.3 Results and Discussion

7.3.1 Thermogravimetric Analysis

The results of 280, 400, and 700 ◦C TGA runs of machined 304 at 50 hours each are shown

in Figure 7.1. Mass gain during heating, at the beginning of the experiment, is higher as

temperature is increased, although the slope of mass change per time is very similar for each

of the three runs. The mass change as determined from TGA analysis, after the samples had

reached the hold temperature, along with mass change determined by mass measurements

before and after exposure are given in Table 7.2. Very little mass change is reported from

both the TGA and before and after test measurements. Poor agreement exists for the mass

change determined by both techniques.

Figure 7.1: TGA results for 304 at 3000 min (50 hour) exposures to synthetic air at 280, 400, 700 ◦C.
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Table 7.2: Mass change for each specimen determined by TGA and pre- and post-test mass measurements
with a balance.

Temperature (◦C) TGA (mg) Balance (mg)

280 0.04 -0.021

400 0.08 -0.003

700 0.17 0.153

The initial large mass gain in the TGA signal is due to the buoyancy effect of the change

in air temperature when heating. Buoyancy force can be defined as:

Fbuoyancy = ρgV (7.1)

Where ρ is the density of the fluid, g is the gravitational force, and V is the volume of

the fluid displaced. As the temperature increases, the density of the air changes, resulting

in a change in buoyancy force. The ideal gas law can be used to calculate the density of

dry air at a given pressure and temperature:

ρ =
p

RspecificT
(7.2)

Where p is the pressure, Rspecific is the specific gas constant, and T is the temperature.

During the heating portion, the density of the air is decreasing resulting in a smaller buoy-

ancy force on the sample which shows up as a mass gain in the TGA signal. Empty TGA

runs can be used to determine the effect of buoyancy in the system, although the volume

of the displaced air will be different from an empty run and one with a sample.

There is little agreement between the mass change determined by TGA and by pre- and

post-test mass measurements. Over the course of 50 hours, there is balance drift that causes

the mass measurements to change regardless of sample mass change due to oxidation. The

similar slopes of all three temperatures in Figure 7.1 indicates that the mass change detected
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by the microbalance may largely be due to balance drift and not oxidation. Differences

between the two measurement techniques are likely due to the inability of the instrument

to measure the precise mass required by the system.

7.3.2 Oxide Characterization

A SEM image of the 400 ◦C exposure using the through lens detector is shown in Figure 7.2.

The brighter areas are higher than the darker areas. Small, discrete oxides, which appear

as bright dots, are seen throughout the surface. Other high and low areas are apparent and

are a result of machining.

Figure 7.2: SEM image of 400 ◦C, 50 hour exposure using the through lens detector.

Cross sections were also milled with the PFIB and then imaged with SEM. Figure 8.9

shows a cross section of the metal and oxide, using the Everhart-Thornley detector, with

outer oxides or surface deformation on the metal. Two separate platinum layers are visible:

the platinum layer deposited with the electron beam is closer to the oxide surface and the
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platinum layer deposited with the ion beam is more porous and brighter in the image.

Either oxide particles or surface deformation are present as protrusions from the metal

surface. The inner oxide is not resolvable with SEM at the low temperature, short time

exposures.

Figure 7.3: SEM image of a cross section through the oxide into the metal substrate.

7.4 Conclusions

The TGA and balance used to monitor the mass change due to oxidation both during

and after low temperature exposure to synthetic air do not have high enough resolution

to capture the mass change due to oxidation. Mass change in the TGA signal throughout

the entirety of the temperature hold may be accounted for by TGA balance drift. The

balance used to measure mass before and after experiments reported a negative mass change,

although SEM confirmed that an oxide layer formed on the sample surface. The advantage

of the TGA allowing high sample throughput, facilitating studies of many sample starting
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conditions cannot be capitalized with the environmental conditions studied in the TGA.

Rather, further TGA studies on material surface finish were replaced with exposures in

high temperature water, and will be addressed in a later chapter.

Discrete oxide particles are present on the sample surface as a result of short time,

low temperature exposure. Presence of a separate inner and outer oxide layer and oxide

thickness measurements are not able to be determined using SEM for the low temperature,

short time exposures.
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CHAPTER VIII

Effect of Material Deformation on Short Time Oxidation in

High Temperature Water Environments

8.1 Introduction

Type 304 stainless steel is commonly used in pressurized water reactor (PWR) primary

circuits, where they are exposed to high temperature, high pressure water [4,17]. Combina-

tion of material and environment influence the oxidation behavior in these systems [14,176].

In addition to oxidation of the surface, 304 is also susceptible to stress corrosion crack-

ing and corrosion fatigue, which are both types of environmentally assisted cracking, or

EAC [24, 177–179]. EAC is a function of prior material condition, environment, and stress

induced during exposure. During EAC, the material will experience increasing deforma-

tion due to the stress as a result of thermal fatigue, residual stress from welding, and or

vibrational induced stress followed by periods of crack growth, exposing new material to

the environment. The newly exposed material in the crack tip will undergo oxidation,

cyclically repeating until failure. Short time oxidation behavior and the effect of near sur-

face microstructure on oxidation are essential to characterize oxidation events during crack

growth in EACs.

Oxidation of 304 stainless steels in high temperature, high pressure, water environments

at long exposure times is a well studied system [14,22,23,105,118,176,180–183]. The litera-

ture is unanimous that a dual oxide layer forms on the surface of 304 when exposed to PWR

primary water. The outer layer is most commonly accepted to form by a precipitation reac-

tion while the inner layer is formed by a solid state reaction [105,180,183]. The inner/outer

oxide interface is the site of the original metal interface [22,183] and oxidation proceeds in-
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ward by ingress of oxygen anions through the inner oxide [22, 118, 176, 181, 183–185]. The

outer layer is an iron rich oxide, reported as magnetite (Fe3O4) [118], nickel enriched mag-

netite [99,169,183,186], or a ferrite spinel [183] that forms discrete particles that afford no

protection to the underlying metal. The inner oxide is a compact chromium rich spinel,

close to FeCr2O4 [169, 182, 183], which protects the underlying metal from further oxida-

tion. The inner layer has been reported as both amorphous [99] and crystalline [178, 179].

A volume change accompanies oxidation: the Pilling-Bedworth ratio or ratio of the volume

of the oxide to the volume of the metal is around 2 [104]. Metallic nickel enrichment is of-

ten reported at the oxide/metal interface [99, 176] and has also been found to be present

as embedded metallic nickel particles within the inner oxide [187]. A schematic of expected

oxidation products is shown in Figure 8.1.

Figure 8.1: Dual layer oxide morphology formed on an austenitic stainless steel in high temperature, high
pressure water.

A wide range of parabolic rate constants for 304 in high temperature, high pressure water

have been reported in literature: kp = 5.23 ∗ 10−15 − 4.72 ∗ 10−17 cm2/s [118,186,188,189].

Parabolic rate constants are indicative of a diffusion controlled oxidation process, specifically

diffusion through the inner oxide. The large range of parabolic rate constants given above

is partly due to the effect of near surface deformation.

Surface deformation through surface finishing and plastic strain have both been at-

tributed to altering the oxidation kinetics in this system [16,116] by creating fast diffusion

paths such as dislocation and grain boundaries [15, 24, 115, 117]. Surface finishing is asso-

ciated with a subsurface deformation zone that can contain nanograins and deformation
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bands; the deformation zone depth increasing with increasing deformation induced by sur-

face finishing [16, 22, 24, 116, 117], i.e., a coarser surface finish has a thicker deformation

zone depth than a polished surface. The general consensus is that deformation results in

faster oxidation [23, 180], although some authors have reported decreased oxidation with

more deformation [22,118]. Increased oxidation with deformation is attributed to deforma-

tion features that can provide fast diffusion paths for oxygen anion ingress, while decreased

deformation argues that increased diffusion of chromium ions via fast paths and subsequent

protective oxide formation is responsible for the decrease in oxide thickness.

Short time oxidation of materials in PWR water is difficult to study as the common test-

ing apparatus contains large water volumes resulting in considerably long heating periods.

The transient heating times can exceed the desired exposure time. Due to the difficulty

in obtaining controlled short exposure times, results of long exposure times have been ex-

trapolated to short times. In a growing environmentally assisted crack, film rupture results

in new material exposure at intervals as low as a few hours, allowing for a large degree of

uncertainty in crack behavior.

The work presented in the previous chapters provides insight on the mechanical prop-

erties and deformation induced martensite that can occur in 304 at room temperature and

at elevated temperatures, as these starting conditions may be present in components when

they are placed in service. Air experiments were originally planned to study the effect of sur-

face finish in a high throughput, controlled system, although the low oxide thickness formed

in air combined with limitation in quick measurement techniques resulted in abortion of air

studies in favor of water studies. Understanding of controlled, short time oxidation behav-

ior, such as that which is present in a growing EAC is necessary to understand the cracking

process and form predictive material models of EACs. This study will examine the con-

trolled short time surface oxidation and the effect of material deformation on short time

oxidation behavior, similar to conditions that would be present in a growing EAC. Two

types of material deformation will be considered: surface finish and plastic strain.
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8.2 Experimental Setup

8.2.1 Material

Three heats of 304 SS of composition given in Table 8.1 were investigated in this work. Both

heat 2 and heat 3 were investigated in the mill annealed and cold rolled to 20% reduction

in thickness starting conditions, and heat 1 was studied only in the mill annealed condition.

Uniaxial tension specimens were created after cold rolling a bulk piece of material and prior

to exposure to high temperature, high pressure deaerated water.

Table 8.1: Composition of the 304 stainless steel heats.

Heat C Mn P S Cr Ni N Fe

1 0.04 1.37 0.023 0.015 18.65 9.37 0.03 Bal

2 0.040 1.46 0.002 0.015 18.39 9.13 0.03 Bal

3 0.040 1.45 0.021 0.016 18.36 9.28 0.03 Bal

8.2.2 Deformation

Plastic Strain

Samples of heat 1 in the mill annealed condition were strained in uniaxial tension to target

values of engineering strain, given in Table 8.2, in room temperature air at a rate of 0.0036

mm/s up to 4% strain. After which, the rate was increased to 0.042 mm/s to the final

desired strain level before unloading to zero load.

Table 8.2: Plastic strain (%) induced into microstructure.

Plastic Strain %

10, 20, 30, 40, 50, 60

Surface Finish

Two surface finishes were studied on heat 1 with plastic strain given above: machined and

mechanically polished. A range of surface finishes were also studied on all three heats.

Starting material condition and surface finish studied are given in Table 8.3.
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Table 8.3: Surface finishes of the exposed samples.

Heat Starting Condition Surface Finish

(grit/particle size)

1 Plastic Strain Machined, 40 nm

Mill Annealed Machined, 220, 600, 40 nm

2 Mill Annealed 80, 220, 600, 800, 1200, 40 nm

20% cold rolled 80, 220, 600, 40 nm

3 Mill Annealed 80, 220, 600, 800, 1200, 40 nm

8.2.3 Exposure

Exposure of all specimens to high temperature, high pressure, hydrogenated water was

achieved using a specialized loop system that permits controlled short time exposures; a

schematic of the loop is given in Figure 8.2. The water can quickly be changed between a

hot water and cold water loop, minimizing the transient heating and cooling times. Samples

were exposed in an oxidized zircaloy sample holder to electrically isolate the samples from

the components of the loop. Parameters of the exposure are as follows: 290 ◦C and a

volumetric flow rate of 3.6∗10−3 m3/s. The volumetric flow rate present in the loop results

in a Reynolds number of 1 ∗ 107, which is in the turbulent flow regime.
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Figure 8.2: Schematic of the specialized loop system at NNL used to expose samples to high temperature,
high pressure water.

Tensile specimens of heat 1 with a machined surface finish and plastic strain were ex-

posed for 10, 50, and 100 hours while all other specimens listed in Table 8.3 were exposed

for 100 hours.

8.2.4 Characterization

The surface of the exposed samples was imaged using SEM following exposure. A Helios

6600 dual beam PFIB/SEM was used to make cross sections and image the cross sections;

analysis of oxides was performed using ImageJ [145]. Oxide thickness measurements were

obtained from the cross sections as oxide penetration normal to the inner oxide/solution

interface, and TEM and EDS were completed on select exposures to characterize phases

present after exposure. Electron channeling contrast imaging using a backscatter electron

detector was used to study the subsurface deformation induced by surface finishing proce-

dures after exposure.
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8.3 Results

8.3.1 Effects of Plastic Strain

Machined Surface Finish

SEM images of the outer morphology for the machined surface finished samples exposed

at 10, 50, and 100 hours are shown in Figure 8.3. Discrete outer particles, present as the

bright areas in the SEM image, are apparent for each exposure time. Particle density is

non-uniform across the surface; areas of high and low density are present in each exposure.

Particle size for the 10 hour exposure in Figure 8.3 is smaller than the 50 or 100 hour

exposure; differences between the 50 and 100 hour exposure are not as obvious. A more

detailed analysis of particle size is necessary to determine the relationship between particle

size and exposure time.

Figure 8.3: Surface SEM images for (a) 10 hours, (b) 50 hours, and (c) 100 hours.

Figure 8.4 shows boxplots of the diameter of the outer surface particles measured for

each exposure time with plastic strain, (a), and all of the data for each time combined, (b).

No obvious trend is visually evident between plastic strain and particle size at any exposure

time. Ordinary least square (OLS) regression for each exposure time confirmed the effect

of plastic strain on surface particle diameter is minimal. Increasing exposure time does not

always result in an increase in particle diameter; this is readily apparent at 0% plastic strain

where the mean particle size decreases with increasing time. Another occurrence can be

seen at 20% plastic strain where the majority of the outer particles at 50 hours are larger

than the particles present at 100 hours. A large variation in particle diameter is seen at

each exposure time, and while the 100 hour exposure had the largest particles measured

at any of the three exposure times, the mean particle size is very similar, and slightly less

than that at 50 hours.
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Figure 8.4: Boxplot of outer particle diameter for 10, 50, and 100 hour exposure. Individual exposures for
each value of plastic strain are shown in (a) while all the plastic strain values for each time are
compiled in (b)

Cross sections created by the PFIB and imaged using SEM for inner oxide thickness

analysis are shown in Figure 8.5 for (a) 10, (b) 50, and (c) 100 hours. Two layers of platinum,

an inner electron beam and outer ion beam deposited layer, were used to protect the oxide

when milling with the ion beam. These two layers are apparent on top of the inner oxide

and discrete outer particles as the darker compact and lighter porous layers. The shape of

the inner oxide layer mimics that of the machined surface finish, resulting in a curved inner

oxide/outer particle or solution interface. The cross sections reveal that the outer particles

are similar in gray scale to the platinum, unlikely to be the expected iron-rich oxide which is

reported in literature. The dark, inner oxide is mottled with a phase which has a gray scale

similar to that of the underlying base metal. The inner oxide does not form a continuous

smooth interface with the base metal due to the mottled features. Oxide penetration depth

clearly increases with increasing exposure time.
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Figure 8.5: Cross sections created with the PFIB and imaged using the SEM at a 52◦ tilt using the Everhart-
Thornley detector at 5 kV and 0.17 nA for (a) 10 hours, (b) 50 hours, and (c) 100 hours.

Boxplots were created for oxide penetration depth measurements normal to the inner

oxide/solution interface for (a) each exposure and (b) all of the plastic strain, machined

surface finish samples in Figure 8.6. As with the outer surface particles, no obvious trend

exists between plastic strain and oxide thickness at any of the times investigated. Unlike

the outer particles, there is an increase in oxide thickness/penetration with increasing time.

This is evident at each strain level in (a), along with the combined data in (b). OLS

regression of the combined data in (b) was used to determine the parabolic rate constant

of 7.22 ∗ 10−15 cm2/s for inner oxide penetration depth.
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Figure 8.6: Boxplots for all three exposure times with a machined surface finish showing a: all values of
plastic strain and b: plastic strain condensed for each time.

TEM of the 30% plastic strain samples at 10, 50, and 100 hours was performed on

lift-outs created with the PFIB, using a Themis 200 Probe Cs Super X HRTEM/SETM.

EDS phase maps for iron, chromium, nickel, and oxygen were created along with selected

area diffraction patterns of the outer particles, inner oxide, and base material in Figure 8.7.

EDS phase maps reveal that the outer particles are a nickel rich metallic phase instead of

the iron-rich oxide which is reported in literature. The diffraction pattern collected from

the nickel-rich particle indicated an FCC microstructure that does not match pure nickel.

Small iron rich nodules are present on top of the inner oxide at all exposure times. The

diffraction pattern along with composition of the inner oxide suggest a mixed chromium

rich spinel phase. The mottled appearance in the inner oxide phase seen in the SEM images

is a metallic phase.

Although an outer oxide phase, as is reported in literature, is not present in these

exposures, the oxide formed will continue to be referred to as the inner oxide to keep

consistency with the inner oxide reported in literature. Inner oxide formed on each exposure

time is nano grained and had similar composition that is reported in Table 8.4. The inner

oxide is depleted in iron and nickel and has similar chromium composition compared to the

base metal.
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Table 8.4: Chemical composition (at%) of the outer particles and inner oxide, as determined by EDS.

Iron Chromium Nickel Oxygen

Outer particles 6.12±1.64 1.78±0.5 87.84±23.97 3.68±1.99

Inner oxide 13.75 20.2 2.14 63.21

At the 10 hour exposure time, the metallic phase forms a connected network which

extends through the inner oxide and connects to the underlying base metal. The metallic

networks have a similar chemical composition to 304 and retain the morphology of the

underlying nanograins that are a result of the machining surface finish. Composition and

morphology of the embedded metallic component evolve at longer exposure times. By 50

hours, the metallic components near the inner oxide/solution interface no longer share a

similar morphology to nanograins and are potentially entirely embedded within the inner

oxide, as connectivity cannot be conclusively determined by TEM. The metallic components

near the inner oxide/solution interface have decreased in size and become enriched in nickel

compared to the metallic network present at 10 hours. The metallic components near the

inner oxide/metal interface continue to have a composition close to 304 with a similar shape

and size as the metallic networks present at 10 hours. A similar morphology is present at

the 100 hour exposure: the metallic components near the oxide/metal interface are similar

in composition to 304 and connected to the base metal while metallic particles rich in nickel

are embedded in the oxide moving towards the oxide/solution interface.
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Figure 8.7: TEM EDS of 30% plastic strain exposed for a: 10, b: 50, and c: 100 hours, and selected area
diffraction patterns for d: outer particle, e: inner oxide, and f: base metal.

Polished surface finish

SEM images of the outer surface morphology are given in Figure 8.8 at two different mag-

nifications; yellow dashed lines in (a) are at the locations of twin boundaries and a grain

boundary is highlighted by the blue dashed line. Discrete particles, similar to those seen

in the machined surface finish, are present primarily on top of a semi continuous layer. As

with the outer particles present on the machined surface finish, the gray scale of these two

layers is lighter than the darker layer on which they formed, which can clearly be seen in the

top right corner of Figure 8.8b. The semi-continuous layer morphology is related to the un-

derlying microstructure, as can be seen by the difference in morphology across grain/twin

boundaries.
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Figure 8.8: Surface after oxidation for 100 hours at (a) 8000x and (b) 25000x. Yellow dashed lines show
twin boundaries and the blue dashed line is located at a grain boundary

A cross section of one exposure created with the PFIB and imaged using SEM is shown in

Figure 8.9. As before, two layers of platinum are deposited, an inner e-beam deposited and

an outer i-beam deposited layer, to protect the surface during the ion milling. The discrete

particles and semi-continuous layer seen in Figure 8.8, with gray scales similar to that of

the ion deposited platinum layer, are present atop a thick inner oxide layer. Embedded

particles, highlighted by arrows in Figure 8.9, with a similar gray scale to the underlying

304, are present in the inner oxide in all cross sections.

The inner oxide/solution/particle interface is much smoother as compared to the ma-

chined surface finish. The polished specimens had a planar surface finish resulting in this

oxide morphology.

Figure 8.9: Cross section of an exposed specimen using the PFIB and imaged using SEM. Embedded metallic
particles in the inner oxide layer are highlighted with arrows

Oxide thickness, which is measured as maximum oxide penetration normal to the inner

oxide/solution interface, is plotted in Figure 8.10. Strain has little effect on oxide penetra-

tion depths at low strain levels (≤ 30 % plastic strain). Increasing plastic strain beyond

30% plastic strain resulted in a decrease in oxide penetration. The data was split into two
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data sets: low strain (< 40%) and high strain (> 40%) to investigate this behavior that is

apparent in the boxplot. Ordinary least squares was completed on the low strain and high

strain groups. The relationship was confirmed that at low levels of plastic strain, increas-

ing strain led to a small increase in oxide penetration. At high values of strain, the oxide

penetration decreased with increasing plastic strain.

Figure 8.10: Boxplots showing the oxide penetration (inner oxide thickness) for each strain level of the
polished surface finish exposed for 100 hours.

TEM of a polished surface exposed for 100 hours is shown in Figure 8.11. Deeper oxide

penetrations are protruding down deformation present in the starting material condition.

TEM-EDS results are consistent with those reported for the machined surface finish. Both

the discrete outer particles and the semi continuous layer are nickel rich metallic layers.

The inner oxide is consistent with a chromium rich spinel, and the embedded particles are

metallic. As with the 100 hour exposure of the machined surface finish, the embedded

particles close to the inner oxide/outer layer interface are more nickel enriched compared to

304 while the particles close to the inner oxide/metal interface have a similar composition

to 304. Non-uniformity of grayscale is evident in the inner oxide phase. HAADF is sensitive
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to density and atomic weight, suggesting that the inner oxide maybe be inhomogeneous.

Figure 8.11: HAADF TEM of polished surface exposed for 100 hours.

8.3.2 Effects of Surface Finish

Morphology of outer particles follow a similar trend seen in the machined and polished

samples with plastic strain: a finer surface finish promoted a more semi-continuous layer

while a coarser surface had more discrete particles. SEM images of the heat 3 surfaces for

all surface finishes are given in Figure 8.12. The three coarsest surface finishes, 80 grit,

220 grit, and 600 grit, have mostly discrete particles with some areas of high coverage and

other areas (not shown) with little to no outer particles present. At 800 grit, the coverage

becomes more continuous; the semi-continuous layer is present in areas of the 1200 grit and

fully developed at the 40 nm surface finish.
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Figure 8.12: Surface morphology with surface finish after 100 hour exposure for (a) 80 grit, (b) 220 grit, (c)
600 grit, (d) 800 grit, (e) 1200 grit, and (f) 40 nm.

A more pronounced effect on surface finish is seen in the inner oxide penetration depth.

A boxplot showing inner oxide thickness with the different surface finishes is shown in Figure

8.13, and surface finish, as quantified by finishing particle size, is plotted against the oxide

penetration depth in Figure 8.14. Table 8.5 shows the grit size and finishing particle size

relationship. Oxide penetration depth increases rapidly at the finer surface finishes and little

effect is seen with the coarser finishes. Increasing coarseness above approximately 800 grit

has little effect on oxide penetration depth. Cold rolling also does not show a pronounced

effect on oxide thickness for these exposures. A power law fits the average oxide thickness

versus finishing particle size relationship quite well.

Subsurface deformation was evaluated by cross sections using ECCI. Subsurface defor-

mation after exposure was found to be present on the 80 grit and 220 grit finished samples

only at depth of around 6 µm and 3µm, respectively. No evidence of subsurface deforma-

tion below the inner oxide layer was present for the mechanically polished surface or the

samples ground finer than 220 grit. This is shown as the gray shaded region in Figure 8.14.
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Table 8.5: Composition of the 304 stainless steel heats.

Grit Size Particle Size (µm)

80 180

220 53

600 10.6

800 7.8

1200 3.8

40 nm 0.04

Figure 8.13: Boxplot showing the oxide penetration for each heat starting material condition (mill annealed
and cold rolled) and surface finish exposed for 100 hours.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



8.4. DISCUSSION 108

Figure 8.14: Mean oxide thickness plotted against mean particle size for each surface finishing; the area
shaded in gray denotes the finishing particle sizes that results in consumption of the deformation
layer formed during oxidation.

8.4 Discussion

Oxidation of austenitic stainless steels in high temperature water is extensively studied. A

dual oxide layer forms with a non-protective iron-rich outer layer and compact, continuous

chromium rich inner oxide that provides protection to further oxidation [169]. The inner

layer grows via oxygen ingress while the outer oxide is most commonly accepted to form

via precipitation of iron rejected into solution from the growing inner oxide. The current

study did not show similar oxidation behavior to that reported in the literature.

An inner, chromium rich oxide, and an outer phase containing nickel rich metallic par-

ticles are present at all exposure conditions. A material balance of iron, chromium, nickel,

and manganese in the starting 304 and in the inner oxide, where the inner oxide composi-

tion is determined from EDS scans, is given in Equation 8.1. All of the chromium in the

oxidized metal is incorporated into the inner oxide. Iron and manganese in excess of that

contained within the inner oxide is released to solution while the nickel not incorporated

into the inner oxide is contained in the outer nickel rich particles.
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xFe69Cr20Ni9Mn2 + 63xO → xFe14Cr20Ni2MnO63 + 55xFe + 7xNi + xMn (8.1)

8.4.1 Thermodynamically stable phases

Metallic nickel rich particles are not reported to form in literature, where most of the testing

is performed in autoclaves. Nickel, the most stable major alloying element of 304, does not

fully oxidize in the environment present, and has been reported to form in the inner oxide

as embedded metallic particles [187], although nickel enrichment is normally reported to

occur at the inner oxide/metal interface.

As discussed previously, autoclaves contain large volumes of water with slow heating

times. Flow in an autoclave system is also nearly static and only enough to maintain

temperature and chemistry requirements in the system, while the loop system has a very

short heating time with a high flow rate.

A Pourbaix diagram for 304 in water of the desired chemistry at pressure and temper-

ature is evaluated to determine the thermodynamically stable phases in the system. The

major alloying elements present in 304: Fe, Cr, and Ni, are considered available to partic-

ipate in electrochemical reactions. A Pourbaix diagram for all three species reacting on a

304 surface are overlayed and shown in Figure 8.15, with the region of metallic nickel sta-

bility shaded. The natural pH of the system is shown by the vertical dashed line and the

corrosion potential of the system is given by the open circle on the natural pH line. The

system lies at a pH and potential at the water stability line with hydrogen. Only metallic

nickel is stable as iron and chromium are only stable in oxidized forms. While not reported

in the literature, metallic nickel is a thermodynamically stable phase.
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Figure 8.15: Pourbaix diagram for iron, chromium, and nickel on a 304 SS surface.

A few differences are apparent between autoclave systems and the loop system studied in

this test. First, the transient heat up time in an autoclave system is much longer; the sample

is exposed to a large range of temperatures that may promote formation of a precursor to

the formation of the iron rich oxides. Second, controlled short time exposures are difficult to

achieve, meaning that exposure time may actually be longer than is reported in literature.

Finally, the flow rate in the autoclave is very low, maintaining a nearly static environment

near the sample surface while the high flow in the loop is turbulent.

Transient heating time could account for the presence of either the iron rich oxides or

the nickel rich particles if there are differences in stability of either product with slow or

fast heating profiles. This effect was studied in OLI Systems [190]; starting water chemistry

and pressure were held constant while the temperature was increased. Stability of oxidation

products showed very little dependency in the temperature range expected in an autoclave

system. Presence or absence of the nickel rich particles and the outer iron rich oxide is

unlikely to be an effect of the transient heating time.

Large water volumes not only lead to long heat up times, but also long cool down times,

making controlled short time exposures very difficult if not impossible to achieve with an

autoclave. A small body of literature exists for short time exposures using other testing

apparatus [169, 179]. These studies indicate that iron rich oxides form on the surface of

the inner oxide. Cracking studies also indicate the presence of an iron rich oxide [15]. In

all of these studies, little nickel is present in the inner or outer oxide but found as nickel
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enrichment at the inner oxide/metal interface [15,99]. The short time exposures present in

the loop are not likely to be the origin of nickel rich particles on the surface.

The final major difference between autoclave systems and the loop system is flow; the

flow in the loop system is very high resulting in a turbulent flow, while the flow present in

an autoclave is laminar and nearly static. In laminar flow systems, a thick boundary layer

can develop allowing for a buildup of aqueous oxidation products near the metal surface and

at distances into the solution. Highly turbulent flow can prevent this buildup by decreasing

the boundary layer thickness, quickly removing oxidation products from the near surface.

At the flow rates for the system, the iron ions released into solution by the growing inner

oxide are quickly removed from the near surface. A critical concentration of iron required

for iron precipitation will never be met and the iron rich oxides will not be able to form.

Metallic Nickel Stability

The effect of iron concentration in solution on metallic nickel stability in the environment

of interest was studied using OLI Systems [190]. The Pourbaix diagram in Figure 8.15

created for a 304 surface is calculated assuming 10−6 M of iron, chromium, and nickel in

solution. This is not representative of conditions present in the loop because the high flow

prevents a buildup of concentration of any ion in solution, and aqueous chromium ions are

not expected to be in a significant concentration since the majority of chromium is expected

to be oxidized in the inner oxide. A series of Pourbaix diagrams were calculated to study

the effect of aqueous iron on metallic nickel stability, and the Pourbaix diagram is given

in Figure 8.16 with a maximum of 8 ∗ 10−9 M iron ions in solution was determined for

metallic nickel stability. Iron ions in excess results in nickel being stable as NiFe2O4, which

is reported to form in autoclave setups [99,169,186].
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Figure 8.16: Pourbaix diagram for iron, chromium, and nickel on a 304 SS surface.

The low solution flow rate in an autoclave system leads to a large boundary layer thick-

ness thereby allowing a larger ionic concentration near the surface of ions released to solution

from oxidized metal. The boundary layer thickness required to ensure the minimum iron

concentration for formation of an iron rich oxide is easily met in an autoclave. Absence of

nickel rich metallic particles can easily be explained even though metallic nickel is predicted

to be stable based on the 304 Pourbaix diagram. In the loop system, which is in the tur-

bulent flow regime and the near surface iron solution concentration is expected to be close

to bulk. The low near surface concentration not only prevents iron precipitation to form

iron rich outer oxide but also allows for metallic nickel particles in place of the outer ox-

ide. Formation of the nickel rich particles likely occurs via a solid state reaction. Absence

of the iron rich oxide and stability of nickel rich metallic phase is a direct result of the flow

conditions present in the loop.

8.4.2 Short Time Oxidation Mechanism in a Loop Environment

Grain boundaries and dislocations present in the metal at the surface provide fast diffusion

paths for oxygen anion ingress and metal cation egress. Upon exposure, oxidation proceeds

down fast diffusion paths, preferentially oxidizing these areas and rejecting iron into solution.

The chromium oxidizes in place in the inner oxide, as confirmed by the material balance for

the system. Oxygen concentration in the water is very low and oxygen must be supplied

by the reduction of water.
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Fast diffusion paths are attacked more harshly in the loop setup leaving a similar metallic

network morphology and a porous inner oxide that has been reported for dealloying, selective

oxidation, and internal oxidation [95, 191–193]. Inner oxide growth requires oxygen anions

to diffuse through the inner oxide and iron ions to diffuse out of the inner oxide to maintain

the approximately doubling of volume accompanying oxidation [104]. Lateral growth of the

oxide leaves a metallic phase embedded in the inner oxide. At short times, the metallic

phase forms a continuous network through the entire inner oxide while increasing exposure

time results in oxidation of the network near the oxide/solution interface. Surface nickel

particles are also present on the inner oxide/solution interface with a notable absence of a

continuous outer oxide phase.

Stability of the metallic nickel rich phase in solution was confirmed by the lack of iron

ions in solution, although further consideration must be made for the presence of these

particles. The majority of nickel in the base 304 is rejected from oxidation, based on

the electrochemical stability of nickel and the low nickel content of the inner oxide phase.

Coverage of the surface by iron rich oxides provided a constraint to where the nickel could

enrich in the low flow system resulting in nickel enrichment at the oxide/metal interface.

This constraint is not present in the high flow systems, and nickel particles can now grow

into the solution. As with aqueous iron, aqueous nickel would also be removed from the

near surface solution due to the high flow in the loop. For the nickel rich particles to grow,

growth must be via a solid state reaction, and nickel must be provided to the particles from

the base metal for further growth to proceed.

Inner oxide thickness follows a parabolic growth rate, while the outer nickel rich particles

have a peak mean size at 50 hours. A parabolic growth rate is indicative of oxidation

following diffusion control through the inner oxide. Diffusion controlling mechanisms in the

inner oxide can be broken into

1. Lattice diffusion through the oxide via cation/anion defects

2. Diffusion via oxide grain boundaries

3. Diffusion through microstructural features

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



8.4. DISCUSSION 114

The high oxide growth rate of the loop samples as compared to the values reported in

literature indicate that lattice diffusion is not rate controlling for these oxide growth rates

and will not be considered as the rate controlling mechanism.

A number of unique features accompany the short time oxidation behavior of 304 in the

loop system: presence of the nickel rich outer oxides with simultaneous absence of iron rich

oxide, presence of metallic networks embedded in the inner oxide, and inner oxide porosity.

All of these features can enhance oxidation kinetics determined in the loop, as compared to

literature autoclave results. Each feature and its effect on enhancement of diffusion kinetics

will be considered separately in the following sections along with a mechanism that can

explain a number of features.

Increased Oxidation Rates via Grain Boundary Diffusion

Some authors have proposed that oxide grain boundaries can act as fast diffusion paths

leading to increased oxidation kinetics [97,104,194]. An epitaxial orientation relationship is

reported to exist between the austenite and inner oxide leading to a similar grain size before

and after oxidation [22,95,96,195]. Nanograins created by surface finishing procedures would

result in nanograined inner oxides. The SAED patterns collected from the inner oxide for

the machine finishes at 10, 50 and 100 hour exposures confirm that the inner oxide grain

size is less than 100 nm.

Values for cation and anion diffusivities in a chromium rich spinel of the composition

that would be formed in high temperature water vary up to 5 orders of magnitude between

different reports [196,197]. Little confidence can be placed in the actual values of diffusivity,

although grain boundaries are known to have increased diffusion kinetics as compared to

bulk [198]. The small oxide grain size combined with the increase in diffusivity in the grain

boundaries versus the bulk could explain the increase in oxidation kinetics seen in the loop

experiments.

Two complexities arise with the consideration of oxide grain boundaries as rate con-

trolling for enhanced oxidation. The first is that at the relatively low temperatures tested,

the diffusivity through the grain boundaries is still expected to be too low to account for

oxidation. Second, fine grains have been reported in other studies and have been credited
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for lower oxidation by enhanced chromium diffusivity leading to a more protective inner

oxide [22,93].

Increased Oxidation Rates via Metallic Networks

Fast diffusion and oxidation along enhanced diffusion paths followed by slower lateral growth

of the oxide results in metallic networks that form a continuous channel that reaches through

the inner oxide to the base metal at short exposure times. The metallic networks extend

to the base metal effectively reducing the diffusion distance through the inner oxide. In

addition to decreasing the effective diffusion distance, the networks simultaneously provide

fast diffusion paths relative to oxide lattice diffusion by the oxide/metal interface along with

increased diffusion in the metal.

At the 10 hour exposure, the metallic networks are continuous and extend from the

base metal to near the oxide/solution interface. The effective diffusion distance through the

inner oxide decreases the reach of the metallic networks. Values of diffusivity of cationic

and anionic species along the metal/oxide interface are not available, although expected to

be closer to grain boundary diffusion than lattice diffusion. Fast diffusion of species along

the oxide/metallic network interface can result in increase in oxidation kinetics. These net-

works are not stable, increasing exposure time results in oxidation of iron and chromium

in the networks at locations near the oxide/solution interface. Metallic nickel rich particles

are left in the location of the original metallic network after the iron and chromium com-

ponents are selectively oxidized. This is seen at 50 and 100 hours: the metallic components

near the oxide/solution interface are nickel rich and unlikely connected to the base metal.

Networks are still present closer to the oxide/metal interface maintaining the decreased

effective diffusion distance compared to oxide diffusion.

Enhanced diffusivity within the metallic component also needs to be considered as a

contributor to the increased oxidation rate. Metal and oxygen diffusion within the metallic

phase are reported to be higher than those in a chromium rich spinel phase [199–201]. A

large excess of iron is confirmed to leave the base metal/inner oxide and go into solution. The

large amount of iron leaving the system results in iron vacancies left in the metal. Diffusivity

in the metallic phase may be further increased by the large iron vacancy concentration in
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the metal. This allows fast diffusion within the base metal by means of vacancies injected

into the metal by exodus of iron during oxidation. Vacancy injection and faster diffusion

that accompanies it may be the means for nickel diffusion to the outer nickel rich particles.

The metallic networks provide nickel to the growing outer nickel rich metallic phase,

which are composed entirely from nickel that was originally in the base metal. Nickel does

not readily oxidize, nor does it diffuse quickly through either a spinel oxide or the base

austenitic microstructure. Enhanced diffusivity of the nickel to the surface by the metallic

networks enables the metallic nickel particles to grow.

Mean size of the nickel rich particles peaks at 50 hours, while the inner oxide continues

to grow. Growth of the nickel particles necessitates diffusion of nickel out of the base 304

and into the growing particle. The connectivity of the metallic networks embedded in the

inner oxide is confirmed only at 10 hours. While the connectivity cannot be excluded with

certainty at 50 hours, the number of networks has decreased. The metallic rich networks

provide a fast diffusion path for nickel metal from the base 304 to the growing outer particles.

When this fast diffusion path of nickel metal out of the base metal is interrupted, the nickel

particles will cease to increase in size. A few connected networks may remain at large times

leading to individual particles continuing to grow at longer times. The metallic networks

not only provide fast diffusion paths for nickel metal, but other diffusing species within the

system.

Increased Oxidation Rates via Nickel Rich Particles

A shift in the electrochemical state of the system is expected when forming metallic nickel

rich phase instead of the normally formed iron rich oxide. When two dissimilar metals are

connected, formation of a galvanic couple can occur. In the loop oxidation, nickel and 304

are separated by the electrically conductive inner oxide. Nickel is more stable than either

iron or chromium; nickel rich alloys are more noble than 304 in the system. The nickel will

likely behave as the cathode and the 304 the anode in the galvanic couple. This can result

in further oxidation of the 304 while protecting the nickel particles from oxidation.
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Increased Oxidation Rates via Vacancy Cluster Formation

A recent study of an austenitic steel in a steam environment reported similar behavior with

an interpenetrating metal and inner oxide phase [95] cited a vacancy clustering mechanism

that may be able to explain the enhanced oxidation behavior in this study [202]. Vacancy

clusters promoted via protons created during water dissociation were responsible for forma-

tion of pores in the oxide [202]. The mechanism of oxidation was determined to be internal

oxidation. Nanopores present in the inner oxide can increase oxidation by increasing the

oxygen anion and cation diffusivities in the inner oxide by movement through the pores by

water potentially being present in the pores.

The fast diffusion paths present at the surface at the initial exposure time preferentially

oxidize. The nickel rich particles on the surface change the electrochemical behavior of

the system; the nickel will act as a cathode and the 304 the anode. With the shift in

electrochemical behavior of the system, water reduction and thereby formation of protons

will be enhanced in the loop system resulting in a higher proton concentration in the inner

oxide. Protons have been shown to create and cluster cation and anion vacancies leading

to a porous structure.

Examination of the HAADF images of the inner oxide reveal variation in grayscale,

which can be inferred as varying density in the inner oxide and the presence of pores.

Pores can increase the diffusion by providing an interface which allows faster diffusion of

cations/anions than would otherwise be present, or by allowing water diffusion through the

pores. Either mechanism has the ability to increase the diffusivity enough to account for

the increase in oxide penetration seen in the loop tests.

Large enough pores have been suggested to increase ion transport by water within the

pores [95]. The pores, if absent of water could also increase species diffusivity by a surface

diffusion mechanism. Presence of pores, with preferential transport will allow the metallic

networks to form and remain unoxidized at short exposure times. The metallic networks

are important for supplying nickel out of the inner oxide/base metal system.

Selective oxidation/dealloying/internal oxidation could not be determined with these

exposures. Similarities are noted between the oxidation behavior observed here and that of
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breakaway oxidation of 304 in steam environments.

A schematic including all of the enhanced oxidation mechanisms is given in Figure 8.17.

Oxidation begins down fast diffusion paths, followed by lateral growth. Metallic networks

are left embedded in the inner oxide at longer times.

8.4.3 Effect of material deformation

As discussed in detail in the previous sections, short time oxidation proceeds down fast

diffusion paths present in the metal including grain boundaries and dislocation microstruc-

tures, such as dislocation bundles. Grain boundaries, from deformation induced martensite,

and dislocation microstructures are a function of prior material condition. Anything that

alters the near surface microstructure by increasing the preferential diffusion paths has the

ability to alter the oxidation behavior in high temperature, high pressure water. Two types

of deformation considered in the study: plastic strain and surface finish both alter the near

surface microstructure present and have the ability to produce a combined effect that may

not be possible to be entirely separated from one another.

Although not mutually exclusive, the effect of plastic strain and surface finish will be

considered separately in the following sections.

Plastic strain

Increasing plastic strain results in an increase in deformation structures such as dislocations,

mechanical twins, and deformation induced martensite, which were discussed in detail in

previous chapters. These features can increase oxidation by increasing fast diffusion paths

in the metal.

No effect of plastic strain was seen in the machine finished samples, so the effect of plastic

strain will be constrained to the polished surface finish samples. The boxplots showed a

decrease in oxide thickness at high values of strain but any relationship between strain and

oxide thickness was not obvious from the boxplot alone. To investigate the relationship

between strain and oxide thickness, the data set was separated into two groups: low and

high plastic strain (cutoff at 40 % plastic strain) and a linear regression was fit to the data.

No correlation between oxide thickness and plastic strain was determined at low levels of
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Figure 8.17: Oxidation in a low flow and high flow i.e., loop environments
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plastic strain, although a decrease in oxide depth at higher levels of strain was confirmed.

The relationship between strain and oxide penetration depth can be informed by consid-

ering the deformation of the steel. Local misorientation, or misorientation between a pixel

and its neighboring pixel, measured by EBSD was reported in Chapter 5 in Figure 5.12 and

Figure 5.13. A linear relationship between local misorientation and plastic strain is appar-

ent in Figure 5.13. More local misorientation is shown by progressively more green with

increasing strain. Around 45 % strain, areas with a high concentration of local misorienta-

tion are present, which go away with increasing plastic strain due to martensite consuming

the highly deformed areas. Martensite is shown as the solid, light blue areas. Marten-

site can be nucleated at deformation structures which can then consume the deformation

microstructures during formation.

Martensite increases with increasing strain as shown in Figure 5.14, going from a gradual

increase to a sharp increase. Oxide penetration depth, as determined by the cross sections,

decreased with increasing plastic strain above 40%. This is in the region of sharply increasing

deformation induced martensite with increasing strain.

At low levels of plastic strain, the effect of surface finish dominates the oxidation behav-

ior, even though the deformation structures in the microstructure are increasing. At high

levels of plastic strain, the oxide penetration depth decreases due to the consumption of the

deformation microstructures by formation of deformation induced martensite. Both defor-

mation microstructures created by the straining and surface finishing can act as nucleation

sites for martensite formation.

The effect of plastic strain cannot be divorced from that of surface finish as both strain

and surface finish have a combined effect by both producing fast diffusion paths near the

surface. This is evident from both the machined and mechanically polished surface finish

where the effect of plastic strain was not seen at any strain level for the mechanically

polished surfaces and the surface finish dominated the effect of plastic strain at low levels

of strain for the mechanically polished surface. The effect of surface finish can be studied

when the starting material condition is similar among samples.
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Surface finish

Oxide penetration depth increases with increasing coarseness of finishing particle size for

all heats and starting conditions exposed to high temperature water. The oxide thick-

ness increases most rapidly at the fine surface finishes while increasing coarseness beyond

220 grit results in little effect on oxide thickness. Similar to plastic strain, surface finish-

ing procedures result in an increase in dislocations and other deformation microstructures

and can cause deformation induced martensite near the surface [22, 24, 115, 116]. Defor-

mation microstructures and martensite grain boundaries act as fast diffusion paths for

oxide penetration while martensite consumes deformation microstructures during transfor-

mation [15,24,115,117].

A subsurface deformation zone accompanies all surface finishing procedures, with a

thicker subsurface deformation zone created by coarser surface finishing procedures [16,24,

117]. The deformation induced during surface finishing is at the surface and superficial

depths of the microstructure, where oxidation is occurring during exposure.

Subsurface deformation was found to be present on the 80 grit and 220 grit samples

after exposure, with the 80 grit sample having a thicker deformed zone than the 220 grit

surface. No evidence of a deformed subsurface layer was found for the finer surface finishes

after oxidation. The material contained in the deformed layer on the finer surface finishes

was completely consumed during oxidation, resulting in no deformed layer present below

the inner oxide after oxidation. The rapid increase in oxide penetration at the fine surface

finishes is due to the increase in the deformation zone depth. On the fine surface finishes,

oxidation proceeds all the way through the deformed layer, slowing as the fast diffusion paths

in the metal decrease to the level present in the base metal. On the coarser surface finishes,

the deformation zone depth exceeds that of the oxidation penetration depth, the deformed

layer is not limiting the oxide penetration depth resulting in a leveling off of the oxide

thickness. The coarser surface finishes may also contain martensite which can consume fast

diffusion paths during transformation, although this was not directly observed in this study.

The deformed layers present likely have enough fast diffusion paths that the consumption

of defect structures by deformation induced martensite is unlikely to have a large effect on
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the overall oxidation kinetics.

Deformation zone depth beyond the oxidation front is not expected to alter the oxidation

behavior in a significant way; for the coarsest surface finishes studied, this appears to hold

true: the increase in oxidation depth between 220 and 80 grit surfaces was insignificant.

At the finer surface finishes, the oxidation proceeded through the entire deformation zone

depth and was highly sensitive to the starting near surface deformation thickness.

Surface finish also affects the nickel rich particle morphology. Fine surface finishes had

two distinct nickel particle morphologies: a semi-continuous layer and discrete particles,

while the coarser surface finishes only had nickel particles that were discrete in nature. A

finer surface finish with less deformation near the surface contains a more uniform surface

deformation state, where the coarser surface finishes have areas of high and low deformation

states. A more uniform surface energy promotes the more continuous morphology that is

seen on the polished surface.

When comparing the plastic strain samples that were machined and mechanically pol-

ished, it should be noted that the machined surface finish had a lower mean oxide thickness

than the polished finish. The polishing procedure used for the plastic strain samples in-

cluded grinding steps at much larger forces than were used for the surface finish study.

Deformation induced into the subsurface zone from the prior grinding steps altered the oxi-

dation penetration depth in these samples. Separation of procedures that alter near surface

microstructure or crystal structure is not possible.

8.4.4 Nickel Enrichment in SCC Cracks

As discussed previously, most oxidation studies of austenitic stainless steels in high tem-

perature water result in a duplex oxide layer composed of a chromium rich inner oxide and

an iron rich outer oxide with nickel enrichment present at the inner oxide/metal interface.

However, a small body of literature for SCC reports a similar phenomenon as is seen in the

loop exposures [176, 178]. Metallic nickel rich particles are occasionally seen at the crack

tip and along the crack wall on the inner oxide where the outer oxide would normally be

located in a crack. Presence of these nickel metallic nickel particles are not well under-

stood, although the presence of these metallic particles may be able to be explained by
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crack chemistry.

Cation depletion inside a growing SCC crack has been suggested to result in lower outer

oxide formation and enhanced crack tip oxidation [93]. Metallic nickel has been shown

to be thermodynamically stable with the solution when iron ion concentration in solution

is very low. Inside a SCC crack that contains a low amount of iron ions in solution, an

environment can be present that promotes formation of metallic nickel on the inner oxide

surface. Presence of the metallic nickel particles can shift the electrochemical properties

of the environment locally in the crack, as discussed earlier, resulting in unexpected SCC

crack behavior.

8.5 Conclusions

Exposure to high pressure high temperature water in the loop system results in faster

oxidation kinetics than for an autoclave system. The loop system does not emulate the

exposure conditions that would be present in a growing crack tip, where flow is expected

to be minimal. High flow conditions are however likely to be present in other areas within

the primary circuit.

An inner chromium rich oxide formed along with nickel rich metallic particles on the

inner oxide/solution interface.

Metallic components are present embedded in the inner oxide. At short exposure times,

the metallic components created a connected network that extends from the inner oxide to

near the inner oxide/solution interface. At longer exposure times, the connectivity of the

metallic network near the oxide/solution interface cannot be confirmed and the components

are nickel rich compared to 304. Connected metallic networks are present near the inner

oxide/metal interface for all exposure times.

A few mechanisms explaining the enhanced oxidation seen in the loop environment are

proposed:

1. Enhanced oxidation occurs via grain boundary diffusion

2. Enhanced oxidation occurs via metallic network formation

3. Enhanced oxidation occurs via nickel rich particles
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4. Enhanced oxidation occurs by vacancy clustering promoted by protons created by the

reduction of water

Effect of plastic strain on oxidation depth is dependent on the near surface fast oxidation

paths. At low levels of plastic strain, there is little effect in oxidation with increasing

plastic strain. Above approximately 40% strain, increasing strain results in a decrease

in oxidation depth. At high levels of engineering strain, deformation induced martensite

forms, consuming dislocation structures. The grain boundary area increase by formation

of martensite is not enough to make up for the amount of other fast diffusion paths it

consumes, resulting in a decrease in oxide penetration.

Surface finish has a similar effect on oxidation penetration depth as plastic strain. Fine

surface finishes result in lower deformation levels than coarser grinding particle sizes. The

deformation zone depth into the material is also suggested to be deeper for coarser surface

finishes. At fine surface finishes, increasing grinding particle size results in a much deeper

oxide penetration. At very coarse surface finishes, there is a competition between increasing

deformation structures and consumption of these structures by formation of deformation

induced martensite. This results in a much smaller increase of oxide penetration at large

particle sizes.

An explanation for nickel enrichment that has been reported in SCC has been proposed.

Low iron ion concentration in an SCC crack can shift the local environment to promote

metallic nickel formation.
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CHAPTER IX

Conclusions and Future Work

9.1 Conclusions

The overall objective of this work is to determine the effect of material condition and envi-

ronment on the short term oxidation behavior of different grades of metastable austenitic

stainless steels. Oxidation behavior results from the combination of material and envi-

ronmental conditions. Material condition, including surface finish, deformation state, and

martensite was studied in air and pressurized water. Plastic strain was studied on uniaxial

tension and cold rolled 304 specimens; a relationship between axial and lateral engineering

strain during uniaxial tension was investigated for isotropic materials. Low temperature

air oxidation behavior was studied on 304 in air at 280, 400, and 700 ◦C for 50 hours,

and the effect of surface finish and plastic strain through uniaxial tension and cold rolling

was studied in pressurized water at 280 ◦C for 10, 50, and 100 hours. These conditions

may be present in various locations throughout a PWR; understanding the effect of mate-

rial condition and environment combinations can help to make reactors safer and lengthen

lifespans.

The principal hypotheses tested in this work are as follows:

1. Lateral and axial engineering strain within the uniform elongation regime can be

defined for isotropic materials as:

εa = (
1

1− |εl|1+x )− 1
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2. Increasing plastic strain through uniaxial tension and cold rolling will result in thicker

oxide layers for a given exposure time; oxide thickness will follow a linear relationship

with uniform axial strain when exposed to high temperature, high pressure water.

3. Increasing martensite content will result in an increase of overall oxidation rate due to

the increase in grain boundaries. A thicker oxide will exist over martensite, where ox-

ide thickness is proportional to the difference in diffusion kinetics between the austen-

ite and martensite phases.

4. A coarser surface finish will result in a deeper deformation zone with a thicker oxide

due to more fast oxidation pathways. Oxide thickness will be proportional to the

finishing particle size.

9.1.1 Strain in the Three Principal Directions

The first hypothesis of this work is that a relationship between axial and lateral engineer-

ing strain during uniform elongation of uniaxial tension can be used to predict if a material

behaves isotropically or anisotropically. A relationship between lateral and axial engineer-

ing strain is derived in Equation 4.7 using the relationship between true and engineering

strain as well as assuming plastic incompressibility during plastic deformation. This hy-

pothesis is supported, the relationship between axial and lateral strain has been verified

using DIC measurements on isotropic and anisotropic materials. The as-machined sam-

ples were modeled quite well with x=1 for an isotropic material, and the cold worked and

aluminum samples were modeled with x̸=1, as expected for an anisotropic material.

DIC is shown to be a quick, effective way to quickly determine whether a material

displays mechanical anisotropy. Calculation of the third principal engineering strain is pos-

sible from DIC and gives deviation of the thickness and lateral directions from an isotropic

material.

9.1.2 Characterization of Uniaxial Deformation and Strain

Tensile specimens were pulled in uniaxial tension to failure at 21, 250, and 338 ◦C and to

controlled levels of strain using DIC at 21 ◦C. Two starting material conditions were studied:

mill annealed and cold rolled. Hardness, XRD, and EBSD were considered to create a
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proxy to determine plastic strain after deformation. Deformation-induced martensite was

also studied with the EBSD data.

Hardness does not provide a reliable measure of plastic strain at the high levels of

strain present in the samples, and quantitative data for plastic strain from XRD was not

possible. Local misorientation, as determined by EBSD, provides a means to quantify

plastic strain, although the chemical composition, deformation conditions, and microscope

collection parameters need to be consistent to create a relationship between plastic strain

and local misorientation.

Mechanical behavior is affected by starting material condition, including cold work.

Prior cold work results in higher yield strength and ultimate tensile strength with lower total

elongation. On average, the samples with cold work showed lower local misorientation and

phase fraction of martensite at the fracture surface. Cold work may change the deformation

mechanism on tensile straining.

Prior material condition and testing temperature have a strong effect on deformation-

induced martensite. Deformation-induced martensite formed in all samples pulled in tension

to failure at room temperature, but only the cold worked samples at the high temperatures.

9.1.3 Effect of Surface Condition on Oxidation in Low Temperature Air

An as machined surface of mill annealed 304 was exposed in a TGA at 280, 400, and 700 ◦C

for 50 hours. These tests were designed to study the relationship between surface condition,

near surface martensite, and oxidation kinetics.

The TGA and balance used to monitor the mass change due to oxidation, both during

and after low temperature exposure to synthetic air, do not have high enough resolution to

capture the mass change. SEM imaging also did not have high enough resolution to image

the oxide layer(s). Discrete oxide particles were imaged on the sample surface confirming

that the exposure time and temperature did cause oxidation to occur.

9.1.4 High Temperature Deformation-Induced Martensite

Mill annealed and cold rolled 304 tensile specimen were pulled to failure at 21, 250, and

338 ◦C. The effect of temperature and material starting condition on mechanical properties
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and deformation-induced martensite were studied.

Mechanical stress vs. strain behavior was affected by material starting conditions: cold

rolling changed the shape of the stress vs. strain curve when compared to an annealed

starting condition. Cold rolling results in an increase in yield strength and ultimate tensile

strength with a reduction in uniform elongation compared to the annealed condition. De-

formation structures that are a result of cold rolling are responsible for the differences in

mechanical properties between the two starting material conditions.

The dominant deformation mode active at room temperature differs from that at the

two elevated temperatures studied. The stress vs. strain curve shows a decrease in yield

strength, ultimate tensile strength, and reduction in uniform elongation at elevated temper-

atures. Increase in stacking fault energy at elevated temperatures results in a change in the

dominant deformation mode along with a change in mechanical properties. The dominant

deformation mode active at each temperature was not directly studied.

Cold rolling creates a deformation microstructure that promotes deformation-induced

martensite at high temperature. Deformation-induced martensite formed at all tempera-

tures tested for materials that were cold rolled prior to deformation. The annealed material

condition transformed to martensite with uniaxial tension at room temperature, but no

transformation was detected at the two higher temperatures.

Microstructure of the deformation-induced martensite in the cold rolled samples differs

from that of the annealed samples. Martensite is only found to form across an austenite

grain in the cold rolled samples, where martensite is also found to form between martensite

grains in annealed starting condition. In the region closest to the fracture of the elevated

cold rolled sample, martensite grains are no longer parallel. The martensite present in this

region formed before necking and curved during necking.

Under the right prior material condition and straining conditions during operation

martensite can be formed inside an operating PWR. Martensite has a different crystal struc-

ture than austenite and has been shown to have different oxidation behavior than austenite

in some environments. Material models may need to account for this phenomenon to obtain

more realistic outcomes.
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9.1.5 Effect of Material Deformation on Short Time Oxidation in High
Temperature Water Environments

Pressurized water exposures of 304 specimens with plastic strain and machined surface

finish were completed for 10, 50, and 100 hours at 280 ◦C. Polished surface finishes with

plastic strain, and a range of surface finishes were studied for 100 hour exposures at the

same environmental conditions for all exposures. These tests were designed to study the

effect of plastic strain and surface finish on the oxidation behavior.

The loop exposure used for environmental exposures of these samples resulted in faster

oxidation kinetics than for autoclave systems that are usually used to expose samples. Differ-

ences in oxide morphology from those in an autoclave were also present: an inner chromium

rich oxide formed along with metallic nickel rich particles on the inner oxide/solution in-

terface. Flow within the loop environment accounts for the presence of nickel rich particles

and may result in the increase in oxidation kinetics.

Metallic components are present embedded in the inner oxide. At short exposure times,

the metallic components created a connected network that extends from the inner oxide to

near the inner oxide/solution interface. At longer exposure times, the connectivity of the

metallic network near the oxide/solution interface cannot be confirmed and the components

are nickel rich compared to 304. Connected metallic networks are present near the inner

oxide/metal interface for all exposure times.

A few mechanisms explaining the enhanced oxidation seen in the loop environment are

proposed:

1. Enhanced oxidation occurs via grain boundary diffusion

2. Enhanced oxidation occurs via metallic network formation

3. Enhanced oxidation occurs by vacancy clustering promoted by protons created by the

reduction of water

The second hypothesis states that increasing plastic strain through uniaxial tension and

cold rolling will result in thicker oxide layers for a given exposure time and that the oxide

thickness will follow a linear relationship with strain when exposed to high temperature,
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high pressure water. This hypothesis is unsupported. The effect of plastic strain was studied

on both machined surface finishes at 10, 50 and 100 hours and polished surface finish at

100 hours. Effect of plastic strain on oxidation depth is dependent on the near surface fast

oxidation paths. At low levels of plastic strain, there was little effect on oxidation with

increasing plastic strain. Above approximately 40% strain, increasing strain results in a

decrease in the oxidation depth.

The third hypothesis states that increasing martensite content will increase the oxidation

rate and that the oxide thickness will be larger over the martensite phase. The difference

in thickness over austenite and martensite will be proportional to the diffusion kinetics

between the two phases. This hypothesis is unsupported. At high levels of engineering

strain, deformation-induced martensite forms, consuming dislocation structures. The grain

boundary area increases by formation of martensite is not enough to make up for the

amount of other fast diffusion paths it consumes, resulting in a decrease in oxide penetration.

Increasing martensite content results in a decrease in the oxidation rate.

The final hypothesis is that a coarser surface finish will have a deeper oxidation zone

and a thicker oxide due to more fast oxidation pathways, where the oxide thickness is

proportional to the finishing particle size. This hypothesis is supported. Coarser surface

finishes resulted in a thicker oxide thickness; oxide thickness was related to particle size

using a power law relationship. Fine surface finishes result in lower deformation levels than

coarser grinding particle sizes. The deformation zone depth into the material is also found

to be deeper for coarser surface finishes. At fine surface finishes, increasing grinding particle

size results in a much deeper oxide penetration. At very coarse surface finishes, there is a

competition between increasing deformation structures and consumption of these structures

by formation of deformation-induced martensite. This results in a much smaller increase of

oxide penetration at large particle sizes.

Nickel enrichment has been reported in SCC and an explanation for formation has been

proposed. Low iron ion concentration in an SCC crack can shift the local environment to

promote metallic nickel formation.
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9.2 Future Work

This work aims to develop an understanding of the effect of material condition and envi-

ronment on the short term oxidation behavior of different grades of metastable austenitic

stainless steels. The effect of surface condition, plastic strain, and martensite still needs

further development.

To allow for local misorientation to be used as a proxy for plastic strain in components

removed from service, calibration curves need to be constructed for specific materials of

interest along with specified microscope parameters. Calibration curves may not be feasible

to create for many material conditions where unknown starting material conditions and

deformation pathways may exist.

The formation of high temperature deformation-induced martensite, at temperatures

much higher than those predicted in the Olsen and Cohen model, have been confirmed

in a cold rolled starting material condition tested in air. The model proposed by Olsen

and Cohen does not accurately predict the potential for high temperature deformation in-

duced martensite. This model can be expanded upon through a better understanding of the

deformation microstructure present in the cold rolled starting condition along with under-

standing the transformation mechanisms at high temperature. More extensive TEM studies

to characterize deformation structures present before straining that may act as nucleation

sites along with a more controlled temperature range study are necessary to understand

the deformation structures that are present and how temperature affects transformation.

Understanding of these features can help to better predict what conditions can promote

deformation-induced martensite including conditions that may be present in a growing en-

vironmentally assisted crack leading to high temperature deformation-induced martensite

in a PWR environment.

More work on short time exposures in the high temperature water environments are

needed to better understand short time oxidation behavior present in PWR reactors. A large

amount of oxidation studies have been performed in autoclaves, necessitating understanding

the differences in oxidation behavior between autoclave and the loop systems. One major

difference between the two systems is the flow regime at which they operate; studies with
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varied flow rates can inform differences between the systems due to flow. This may be an

important consideration when it comes to exposure of various plant components and their

respective exposure conditions in service that has not been accurately captured in literature

testing.

A sample could be designed and fabricated with flow channels that allow some areas of

the sample to be exposed to turbulent flow while others within the same sample are exposed

to laminar flow. Single tests can allow for multiple exposure environments within the same

sample in the loop. This will allow study of the effect of flow rate while controlling exposure

of the sample to short time oxidation.

The oxide structure that forms in the loop is also different from that which forms in

an autoclave. Connectivity of the metallic networks embedded in the inner oxide phase

along with inner oxide porosity can help inform the enhanced oxidation present in the loop

system. Inclusion of other characterization techniques such as AES or XPS combined with

sputtering will provide insight on composition of the inner oxide/metallic networks along

with any variations in oxide condition. Atom probe tomography studies could allow direct

observation of the metallic structures and allow confirmation of connectivity at different

exposure times; 3D EBSD would also allow for all the features to simultaneously be studied

at lower resolution than would be possible using atom probe tomography.

The effect of plastic strain on short time oxidation can be isolated by inducing de-

formation during high temperature straining to suppress deformation-induced martensite

transformation. Plastic strain can induce multiple deformation microstructures including

dislocations and twins which would be studied jointly.

The effect of near surface martensite on oxidation behavior in high temperature water

was not determined by the techniques used in this study. More controlled studies of near

surface crystal structure are needed to determine differences in oxidation between austenite

and martensite phases. A range of martensite can be induced through cooling to allow

for controlled contents of martensite in an austenite matrix. Exposure of these specimen

in high temperature, high pressure water followed by cross sectioning and oxide thickness

determination over austenite and martensite phases.

Short Time High Temp. Water Oxidation of 304SS R.E. Turfitt



BIBLIOGRAPHY

[1] Chapter 17.0 Plant Operations, Westinghouse Technology Manual, pages 17–1–20–21.
Westinghouse.

[2] Creating innovative steel solutions. AK Steel.

[3] F. B. Pickering. Physical metallurgy and the design of steels. Applied Science Publ.,
1983.

[4] X Ru and R W Staehle. Historical Experience Providing Bases for Predicting Corro-
sion and Stress Corrosion in Emerging Supercritical Water Nuclear Technology : Part
1 — Review. Corrosion, 69(3):211–229, 2013.

[5] Anton L Schaeffler. Constitution diagram for stainless steel weld metal. Metal progress,
56(11):680, 1949.

[6] N. Li, Y. D. Wang, W. J. Liu, Z. N. An, J. P. Liu, R. Su, J. Li, and P. K. Liaw. In
situ X-ray microdiffraction study of deformation-induced phase transformation in 304
austenitic stainless steel. Acta Materialia, 64:12–23, 2014.

[7] Erich Folkhard. Welding metallurgy of stainless steels. Springer Science & Business
Media, 2012.
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