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Abstract

The interactions of tritium with stainless-steel substrates was studied by

measuring the total tritium absorption in the sample. Measurements of

the quantity of tritium residing in the adsorbed surface water using a zinc-

chloride surface wash revealed that isotopic exchanges of tritons with surface

bound protons is a rapid process. The adsorbed water layers developed a

steady-state concentration of tritium within the first 30 minutes of exposure.

Further, the adsorbed water layers contained up to 25% of the total tritium

inventory in the sample. The quantity of tritium remaining in the sample

after a zinc-chloride wash was measured with high-temperature thermal des-

orption. Tritium absorption by a sample is limited by the diffusion of tritons

into the sample. Further, an acid etching technique was used to determine

the concentration of tritium at various depths (”concentration profile”) into

the metal sample. The results indicate that tritium decorated three distinct

regions in the stainless-steel samples. Further, the migration of tritium in

stainless steel at room temperature appeared to be dominated defect sites

that reduces the effective diffusivity of the stainless steel by 10x and increases



ABSTRACT ix

the apparent solubility by 16x. These phenomena are not well described by

permeation based transport properties.

Heat treatments of stainless-steel aimed at reducing the number of defect

sites in stainless-steel showed a reduction in total tritium absorption of≈45%.

The quantity of tritium in the adsorbed water layers was reduced by 44% in

the annealed samples. This was likely due to the growth of a mixed-chromium

oxide during the annealing process. Further, the concentration profile for

the annealed samples revealed a reduced solubility value and recovered the

literature diffusivity value. This indicated that the annealed samples have

reduced trapping sites compared to the unmodified counterparts.
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Chapter 1

Introduction

The interactions of tritium with metallic surfaces is not well understood.[9,

36, 38, 39] Tritium, a radioactive isotope of hydrogen, requires specialized

infrastructure to handle safely with minimal environmental and personnel

dose consequences. This infrastructure is expensive, and requires a significant

engineering effort to design, build and maintain.[18] As such, the field of

tritium research is limited to only a handful of research facilities around

the world. Further, studies have shown to not be reproducible using the

other hydrogen isotopes, making it harder to reproduce effects without using

tritium.

Modifications to metallic surfaces directly, or by changing the surface by

depositing a thin film has shown to influence tritium adsorption, absorp-

tion, and permeation through stainless-steel substrates.[3, 4, 9, 10, 26, 31,

39, 49, 50] It is well known that tritium will contaminate the surface of

structural materials, resulting in potential worker dose, increased decontam-

ination efforts, increase in waste disposal costs and increased environmental
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emissions.[2, 46, 47]

Understanding the interactions of tritium with materials may help to

reduce tritium uptake in structural material. This would be an advantage for

laboratories and industry facilities who handle tritium. These understandings

can also have a large impact on future fusion power plants. These plants will

have process equipment exposed to tritium gas at elevated temperatures for

extended periods of time. Keeping tritium emissions to a minimum will be

crucial for fusion energy to appear as a clean alternative energy source.[7, 8,

15, 25, 27, 34, 45] Reducing tritium uptake in these materials may prove to

be a viable path to help reduce these emissions.

1.1 Hydrogen Interactions with Metals

1.1.1 Adsorbed Water Layers on Stainless-Steel Sur-
faces

The works of Thiel and Madey, and Henderson outline extensive discus-

sions around water adsorption on metal surfaces using first principles.[19, 44]

These works outline the mechanism of water adsorption onto metals includ-

ing stainless steel. It is known that water will develop a multilayer structure

on surfaces.[44] The first layer is dissociated at the surface to form a hy-

droxyl groups. The dissociation of water on the surface is favorable due to

the Lewis acid/base interactions of the water vapor and the electron rich

surfaces.[37] After this first layer, additional water can adsorb that is chem-
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ically bonded to the hydroxyl layer. These layers are known as ”structural

water” and may only be removed with very high temperatures.[28] The layers

that bind to the structural water form an ice-like structure and are coined

”chemisorbed” since the bonding occurs through hydrogen-bonds. These lay-

ers are removable with moderate temperatures. Physically adsorbed water

forms the outermost layer towards the gas-phase. These layers bond to the

chemisorbed water layers via Van der Waals interactions, and as such, are

easily added or removed by changing the partial pressure of water in the gas

phase. This multi-layer adsorbed water structure is shown as a cartoon in

Figure 1.1. Here, the hydroxyl layer bonds between two adjacent metal cen-

ters of the atoms forming a network of protons that are capable of bonding

to additional water vapor to form the structural water.

During exposure to tritium gas, the hydrogen sites in the adsorbed water

layers are a potential tritium binding site. Water contains 1x106 moles of

hydrogen per cubic-meter. This can lead to large concentrations on the

surface of the metal.[32, 39] Further, because the adsorbed water layers bind

directly to the metal through the hydroxyl layer, the water establishes a

barrier to the metallic surface.

Gas phase hydrogen isotopes must first interact with the top layers of

the adsorbed water layers. This interaction likely occurs through isotopic

exchange of gas phase species and with surface bound species. However, the

isotopic exchange rates are not well understood for this system. During expo-

sure to tritium gas, isotopic exchange is expected to occur such that a triton
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Figure 1.1: Idealized schematic of water binding on a metal surface. Metal
atoms (grey circles) bind to the first layer of surface bound hydroxyl groups
through the oxygen atom (blue circles). Structural water, binds to the hy-
droxyl groups though the hydrogen (orange circles) or triton (green circles)
bond (solid blue) while a multi-layer structure forms above via Van der Waals
forces (dashed-blue line).

exchanges with a proton in the adsorbed water layers as illustrated in Figure

1.1. The isotopic exchange process is expected to be the dominant egress

mechanism as hydrogen gas is insoluble in water. Tritons in the adsorbed

water layers may diffuse through the layer to the metal surface and interact

with it directly.
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1.1.2 Transport Phenomena in Metals

Hydrogen isotopes can permeate all metals but can only migrate through

the metal lattice as atomic species. The dissociation of these molecules can

occur in the adsorbed water layers through isotopic exchange. Austenitic

stainless-steel has a face-centered cubic (FCC) lattice as shown in Figure

1.2, where hydrogen atoms occupy the octahedral sites. The equilibrium

density of atoms occupying the available sites is determined by the solubility

(S) of the metal which depends on the pressure and temperature of the

system as shown in Equation 1.1. The solubility of tritium in stainless steel

extrapolated to room temperature from high temperature data is 2.02 (mol

T*m−3*atm−1/2).[38]

S(p, T ) = S0
√
phe

(− Es
RT ) (1.1)

Where,

• S0 is the frequency factor

• ph is the partial pressure of hydrogen in the gas phase

• Es is the activation energy for dissolution of hydrogen in the lattice

• R is the ideal gas constant

• T is the temperature of the system
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The solubility is proportional to the square-root of the partial pressure

since hydrogen can only migrate through the metal as atoms.

Figure 1.2: An ideal FCC lattice with metal atoms shown as grey spheres
and octahedral sites shown as white spheres. Hydrogen isotopes occupy the
octahedral sites in the lattice.

Imperfections in the lattice can significantly affect the solubility of hydro-

gen isotopes in the material. Defects such as lattice vacancies increase the

number of hydrogen binding sites inside the metal lattice. The equilibrium

concentration of vacancies can be calculated using Equation 1.2. The equi-

librium vacancy concentration depends on the system temperature and the

defect concentration increases with temperature.

ND

N
= e

(
−QD
kT

)
(1.2)

Here,

• ND is the number of vacancy defects
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• N is the total number of sites in the metal

• QD is the activation energy

• k is the Boltzmann constant

• T is the temperature

For the stainless-steel samples used in this work, the number of lattice

sites can be calculated from first principles using Equation 1.3.

N = ρ
Na

Ass
× V (1.3)

Where,

• ρ is the density of the material (≈7.9 g*cm−3)

• Na is Avogadro’s number

• Ass is the atomic mass of stainless-steel

• V is the volume of the sample

Using Equations 1.2 & 1.3 the number of defect vacancies at room tem-

perature is calculated to be 5.9x1015 assuming an activation energy of 0.45

electron volts (eV).[23] This corresponds to 2.5x10−8 vacancies per lattice

site in the stainless-steel samples.

Defects may allow for hydrogen atoms to bind more strongly to the defect

site than the binding at an octahedral position. Defects of this type are
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known as ”traps”. Figure 1.3 shows the potential energy diagram of three

types of binding sites in a metal substrate. The interstitial sites, or lattice

sites have the lowest energy state with the two different types of trap sites

having a larger energy well. The lattice sites are identified as Em while the

energy barrier of the trap site is identified as E1
d and E2

d . The deep energy well

is indicative of the stronger binding the hydrogen atoms have in the defect

sites compared to the lattice sites. For aluminum, typical trap energies can

be on the order of 27 to 60 times larger than the lattice energy.[48]

Figure 1.3: Schematic illustration of the energies involved in hydrogen diffu-
sion and trapping. (Reproduced from Young & Scully with permission from
Elsevier under license number: 5030280861165)[48]

These defect sites are more apparent at lower temperatures. At higher
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temperatures there is sufficient thermal energy for the tritons to overcome

the trap energy barrier (Figure 1.3). The work presented here, looks at

the migration of tritium into the sample at room temperature, and as such,

defect sites can have a large effect on the measurements. The diffusivity

(D), of a material determines the migration distance of atoms in the lattice.

The diffusivity depends on intrinsic properties of the material and varies

with temperature as shown in Equation 1.4. The room temperature diffusiv-

ity of stainless steel extrapolated from high temperature data is 3.76x10−16

m2*s−1.[38]

D(T ) = D0e

(
−ED
RT

)
(1.4)

Here,

• D0 is the frequency factor

• ED is the activation energy

• R is the ideal gas constant

• T is the temperature of the system

Diffusion is commonly described by Fick’s laws of diffusion. These laws

describe the movement of a species as moving from high to low concentration.

Fick’s first law describes the flux of particles passing through a plane of a

certain area as being proportional to the diffusivity multiplied by the gradient

of the concentration. Fick’s second law states that the time derivative of the
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concentration is equal to the diffusivity times the gradient squared. The mass

transport described by the materials diffusivity does not take into account

defect sites, since the diffusivity is an intrinsic property of the lattice mostly

reported for ideal lattices. The ”effective” diffusion coefficient can be used

to describe the transport of material through ”real” solids. These solids

contain defects, grain boundaries, and the addition of metal alloys. The

effective diffusivity can be calculated by including a weighted average of

these real inclusions. Further, defect sites such as vacancies can decrease the

diffusion rate since trapped hydrogen atoms do not migrate into the sample.

This reduces the diffusive flux in the metal, and can appear to hinder the

transport of atoms. The effect of trap sites on the effective diffusivity (Deff )

is described in Equation 1.5.

Deff =
Dlattice

1 +
∑ Ntrap

Nlattice
e

(
Eb
RT

) (1.5)

Where,

• Dlattice is the lattice diffusion coefficient

• Nlattice is the number of lattice sites

• Ntrap is the number of trap sites

• Eb is the binding energy of the trap site

• R is the ideal gas constant
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• T is the temperature of the system

This equation is valid when Nlattice � Ntrap, when the concentration of

hydrogen is low and when the trap occupancy is near zero.[30] In the present

work, these conditions are assumed to be true for the stainless-steel samples

exposed to tritium gas. This assumption is made since the air exposed sam-

ples contain only small quantities of hydrogen in the metal lattice, and the

number of defect vacancies is 2.5x10−8 vacancies per lattice satisfying the

conditions above.

The sum in the denominator of Equation 1.5 can be expanded to include

multiple types of trap sites. As the number of atoms in trap sites becomes

large, the effective diffusivity decreases since the atoms in these sites are

hindered from migrating.[17]

For the experiments in this work, stainless-steel samples are exposed to

tritium gas. During the exposure, tritium adsorption on the metal surface

and subsequent diffusion into the metal bulk occurs. The adsorption of tri-

tium can occur through the adsorbed water layers via isotopic exchange of

tritium gas with protons in these water layers. The chemically bound tri-

tium can continuously exchange with surface bound protons until the surface

of the metal is reached. The tritons can then move into the metal lattice,

through lattice diffusion. However, stainless-steel samples exposed to ambi-

ent conditions will develop a native or naturally occurring oxide. The tritons

bound to the adsorbed water layers must first dissociate from the adsorbed

water before diffusing through the metal surface. The metal oxide and the
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metal lattice are expected to have different transport properties, such as dif-

ferences in diffusivity and/or solubility. What effect these two regions have

on the tritium migration remains unanswered.

The goal of the present work is to measure tritium absorption in the

stainless-steel type 316 samples at room temperature which mimics the con-

ditions expected in many tritium plants. Measurements of the total quantity

of tritium, and the partitioning of tritium inside the metal matrix are made.

Further, modifications to the stainless-steel lattice are made by heat treat-

ments. The effect of the heat treatment on tritium absorption is measured.

This thesis is arranged as follow. First, the experimental details used

to expose the samples to tritium gas and to measure tritium absorption

are discussed. After, tritium absorption of stainless-steel samples exposed

to tritium gas for various times is presented. Following, the experimental

details of the heat treatments are discussed and the tritium absorption data

presented. Finally, a summary of the work presented here and a discussion

around future experiments that can strengthen the understanding of tritium

interactions with metal surfaces are given.
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Chapter 2

Experimental

To test the physical parameters that are inherent to tritium interactions with

metals, an experimental tritium platform has been developed at the Univer-

sity of Rochester Laboratory for Laser Energetics (LLE) and expanded over

the course of this thesis work. The infrastructure to handle tritium exists

at LLE, allowing metal samples to be exposed to deuterium-tritium gas in

a safe manner with minimal environmental radiation emissions. Techniques

to measure the tritium inventories loaded into the samples already exists

at LLE, but more sensitive techniques are developed in this work to mea-

sure only the tritium inventories in the adsorbed surface water layers. Most

notably, a technique that is capable of discerning the tritium in the three

regions (surface, oxide and bulk) will be discussed. In the following section,

the procedure for exposing the stainless-steel samples to tritium gas will be

discussed. Further, the techniques to measure the tritium quantity in the

adsorbed-water layers, the total quantity of tritium in the samples as well as

measurements of the tritium concentration as a function of depth into the
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metal will be discussed.

2.1 Samples Specification and Pre-treatment

All samples (of dimensions listed in Figure 2.1 - panel a) were washed prior

to being exposed to the tritium gas. The samples are first washed in a series

of solvent baths to remove any surface contamination that may have settled

on the surface, from manufacturing to final handling, of the samples prior to

exposure to tritium. The samples are first degreased in >99.55% (ACS grade)

acetone for five-minutes in an ultrasonic bath. The samples are removed from

the acetone and then rinsed in a deionized (DI) water ultrasonic bath for an

additional five minutes to remove any residual solvent. The samples are then

dried of any adsorbed DI water in a final solvent bath of >99.5% isopropyl

alcohol in an ultrasonic bath for another five minutes. The samples are only

handled with metallic tweezers and gloves after the washing procedure to

reduce any accidental contamination. The cleaned samples are transferred

into a glovebox that is inerted with helium where the dew point is kept to less

than -80◦C (0.54 part per million volume water) using a recirculating helium

atmosphere conditioning system which removes moisture using a molecular

sieve, oxygen using a nickel catalyst and trace hydrogen isotopes using a

zirconium-iron catalyst. The samples are then put into a four-ounce paint

can which is closed inside the glovebox. This allows for the transfer of the

samples from the glovebox to the tritium fill station (TFS) glovebox while
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maintaining an inert environment.

Figure 2.1: (a) Stainless-steel coupon after cleaning and prior to tritium
exposure. (b) Tritium contactor with 30 sample slots, samples shown in slots
to indicate spacing limiting cross-contamination. (c) Coupon rack for inert
transfer of samples for storage. A single sample is stored in each ”pod” and
sealed under dry helium until retrieved from the pod prior to measurement.

2.2 Tritium Exposure Procedure

Stainless-steel samples were loaded with tritium by exposure to deuterium-

tritium (DT) gas using the TFS inert helium glovebox infrastructure at the

University of Rochester Laboratory for Laser Energetics. LLE has the infras-

tructure to support a 1.5g (14,475 Ci) tritium license for inertial confinement

fusion research. This infrastructure can deliver mixed tritium-deuterium gas
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from a uranium hydride storage bed to the sample exposure cell such that

the pressure of DT gas inside the exposure cell is close to 600 torr. The TFS

tritium handling system allows for the safe recovery of all unused tritium gas

after the desired exposure time. The sample exposure cell can fit up to thirty

samples to simultaneous expose to tritium gas. The cell was engineered such

that samples do not touch one another and make minimal contact with the

walls of the exposure cell as shown in Figure 2.1 (panel b). The inside sample

holder is placed into the outer-housing and sealed with a flange using a new

con-flat R© copper gasket.

The sample cell is then connected to the TFS tritium handling system

through the VCR-4 male connector on the isolation valve. The sample cell is

evacuated using a vacuum pump to remove any glovebox helium from the cell

internal volume. The vacuum system is isolated from the tritium handling

system and a rate-of-rise test is performed to ensure the con-flat R© seal was

made properly. In this test, the sample cell is evacuated of any glovebox

helium using a scroll pump. Once the pressure in the sample cell is sufficiently

low, the vacuum pump is isolated and the pressure rise of glovebox helium

into the sample vessel is measured. If no gross vacuum leak is found on the

sample cell, the tritium-deuterium gas is delivered from the uranium storage

beds by heating the vessel to 425◦C and the evolved gas is condensed on a cold

finger (liquid helium cooled to 17 Kelvin). Once a sufficient quantity of gas

has been removed from the storage bed, the cold finger is heated to 19K and

the DT gas is expanded into an 8-L tank. Here the pressure is recorded, and



CHAPTER 2. EXPERIMENTAL 17

the gas is further expanded into the sample cell until the prescribed pressure

in the sample cell is reached. The cell is isolated from the tritium handling

system via the isolation valve and the remnants of the DT gas left inside the

tritium handling system is recovered back onto the cold finger and stored on

a second uranium storage bed. Once the samples have been exposed to the

tritium gas for the pre-determined time, the isolation valve on the sample

exposure cell is opened, and the tritium-deuterium gas inside the sample

cell is recovered back onto the cold finger and finally back onto the second

uranium-hydride bed. Trace amounts of gas are left in the exposure cell, so

prior to opening the exposure cell in the glovebox, the cell is evacuated using

a vacuum pump for a period of 2-hours. After the evacuation, the sample cell

isolation valve is closed, and the cell is disconnected from the TFS tritium

handling infrastructure. The cell is opened and the sample inner rack housing

the samples is removed. The samples are removed from the rack and placed

into individual pods in a storage rack.

These racks (Figure 2.1 - panel c) were designed to house five tritium-

loaded samples, each in an individual helium filled pods. The inert helium

reduces the rate of tritium desorption from the sample surface, while the

individual pod reduces any cross-contamination that may occur. The racks

provide a way to store samples without any air exposure for protracted peri-

ods of time. When all of the samples are transferred from the exposure cell

to the racks, the sample cell is re-sealed and stored inside the TFS glovebox.

The sealed coupon racks are then transferred out of the TFS glovebox.
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A set of samples included in a single exposure is referred to as a ”batch”,

and data from six different batches will be included in this report. For ev-

ery batch where a surface modification was made to the samples, a set of

unmodified stainless-steel samples was always included in the same exposure

batch, for reference. This allows the efficacy of the surface modification to

be determined relative to an unmodified sample. Since identical unmodi-

fied stainless-steel (USS) samples exposed to gas for 24-hours should retain

the same quantity of tritium, all of these samples have been grouped into

Batch 1 which is a grouping of unmodified stainless-steel samples from all

the other batches. The tritium fraction in the DT exposure gas changes

over time. Radioactive decay, protium contamination and other factors re-

duce the tritium fraction. On a yearly basis, the entire tritium-deuterium

gas inventory at the LLE is purified using a technique known as thermal cy-

cling absorption process (TCAP) inside the isotope separator system (ISS)

glovebox.[20, 21] Occasionally, a sample exposure in the present work has

occurred immediately after an ISS purification campaign. As a result, the

tritium fraction will be elevated compared to other sample exposures. The

tritium gas isotopic composition is periodically determined by assaying the

gas using gas-chromatography. The method of the composition analysis is

beyond the scope of the reported methods in this thesis. The results yield

the relative reactions of tritium, deuterium and hydrogen. Hydrogen concen-

trations are below 1% and are therefore ignored in the current study. The

experimental parameters (exposure time, exposure gas pressure, and tritium
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fraction) of each batch included in this thesis are summarized in Table 2.1.

Table 2.1: Summary of the batches included in this work grouped by batch
number. The exposure time, exposure gas pressure, and tritium fraction are
included for each batch.

Batch Number Exposure Time (hrs) Pressure (Torr) Tritium (%)
1 24 612 60.0
2 92 604 71.7
3 24 597 68.5
4 8 581 68.4
5 2 595 67.8
6 0.5 569 72.3

The partial pressure of tritium during each loading can be calculated from

the exposure gas pressure and the tritium fraction in the gas. The results

of the partial pressure calculation are shown in Figure 2.2. Even though

the tritium composition in the DT gas is periodically changed, the partial

pressure across all six batches included in this work fall into a band with a

mean value of 0.53 (± 0.029) atm as shown in Figure 2.2.

2.3 Tritium Measurement Techniques

In the following sections, the experimental methods used to measure the

quantity of tritium loaded into the stainless-steel samples is discussed. Each

method can be used individually or used in conjunction with others to mea-

sure the quantity of tritium loaded into the samples in finer detail. The

techniques range from a highly selective tritiated water measurement tech-
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Figure 2.2: Tritium partial pressure (atm) during the loading of a batch.
Blue diamonds (data) calculated from the parameters during each sample
exposure presented in this work. The mean value of these data is shown as
the dashed line and ± 1σ reported as the shaded band. Error bars represent
the reproducibility of the pressure gauge used to determine the exposure
gas fill pressure which is nominally 1% of the reading per the manufacturer
specification.

nique to a very coarse thermal desorption technique, where the total content

of tritium in the sample is measured.

2.3.1 Zinc Chloride Surface Wash

As previously discussed, a first step in tritium adsorption into the metal

lattice is isotopic exchange with adsorbed water layers bound to the metal

surface. Measurements of the quantity of tritium in the adsorbed water give
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insight into the potential reservoir that surface water layers can be for tri-

tium. To date, most techniques to measure tritium inventories in the surface

water layers also probe deeper into the metal matrix, reducing the surface

sensitivity of the measurements. Tanaka et al. have proposed a novel method

to determine the absolute number of active hydroxyl groups on surface oxide

films using a chemical wash method.[42] In the present work, this method

has been adapted to measure the tritium content in the adsorbed water lay-

ers without including the tritium inventories that are found deeper in the

metal matrix. The selectivity of this method comes from the chemical re-

action of the aqueous zinc ions with the surface-bound hydroxyl groups.[12]

A substitution reaction occurs between the zinc-complex and two surface-

bound hydroxyl groups, as shown in Figure 2.3. The surface-bound zinc(II)

complexes are charge stabilized by free chloride ions from the aqueous so-

lution. The surface-bound zinc complex is stable in both, aqueous solution

and vacuum.[42] Tanaka et al. conducted x-ray photoelectron spectroscopy

(XPS) studies of the surface of stainless-steel after exposure to the zinc wash

method described above. The XPS data showed a deconvolved Zn 2p3/2 spec-

trum with two predominant species. The first is a zinc oxide (ZnO: binding

energy=1022 eV) peak that arises from Zn2+ binding of zinc with the surface-

bound oxygen (-O−) atoms was observed. A second lower intensity peak was

identified as either Zn(OH)2 or ZnCl2 (binding energy ≈1023 eV) indicating

that zinc forms stable complexes on the surface of the metal. The stability of

the zinc-oxygen bond limits re-hydroxylation of the surface, indicating that
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the adsorbed water no longer bound to the surface and is in aqueous solution

under the experimental conditions. The results of the Tanaka et al. study

concludes that the zinc substitution method is capable of determining the

absolute surface-bound hydroxyl content on stainless steel substrates. This

method reported by Tanaka is adapted for samples included in this study to

the determine the tritium quantity in the surface-bound water layers.

Figure 2.3: (a) Depiction of adsorbed water on a stainless-steel surface after
tritium exposure with tritium labeling. (b) Aqueous zinc chemical reaction
with surface bound hydroxyl groups (c) Liberation of tritiated water into
solution for liquid scintillation counting and ion stabilization of the surface-
bound zinc-complex.

To perform a zinc wash on a tritriated sample, a mixture of 25 mL am-

monia chloride (4 mol L−1) and 12.5 mL (0.4 mol −1) zinc chloride was added

to a 100-mL Pyrex beaker. The pH of the mixture was adjusted to ≈7 with

concentrated ammonia hydroxide (28% wt%) and the solution was mixed

well by stirring in the beaker. A single 250-µL aliquot was taken from the
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beaker and mixed with 4 mL of liquid scintillation cocktail. The sample

serves as a background measurement to quantify any tritium that may have

contaminated the solution from the beaker. After the background is taken,

a tritiated metal sample is immersed in the zinc solution for five minutes.

After the sample was removed from the aqueous mixture, the sample was

rinsed with 10 mL of deionized water to remove any residual tritiated liquid

from the metal surface. The rinse solution was collected in the zinc mixture

and added to the final volume of the solution. Figure 2.4 shows the sample

immersed in the zinc solution inside a fume hood. Using the above volumes,

the sample is completely immersed in the solution, which mitigates any tri-

tium loss through outgassing in air. Three aliquots each containing 250 µL

are taken from the solution. Each aliquot is individually mixed with 4 mL

of high counting efficiency liquid scintillation cocktail (LSC) in a 6-mL liq-

uid scintillation vial constructed of high-density polyethylene. In the present

work, FlowLogic U (LabLogic) multipurpose LSC is used for the high tritium

counting efficiency (25% 3H at a 1:1 cocktail to sample ratio) This liquid is

comprised of primary and secondary scintillator molecules dissolved in a sol-

vent. These scintillator molecules are primarily used to capture the decay

β-particle with high efficiency. The scintillator molecules then directly trans-

fer energy between the excited solvent molecules (excited from nuclear-decay

capture) and emits a ultra-violet (UV) photon of about 300 nm. However,

the detection of UV photons in the photomultiplier tube (PMT) is low, so the

addition of a secondary scintillator molecule can convert the UV photons into
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visible-light photons. These wavelength-shifter molecules downshift the 300

nm photon energy into the 410-477 nm energy range that is easily detected

by the PMT. The photons detected by the PMT are converted into a mea-

surable current that is proportional to the number of decay electrons. The

current is integrated over the entire measurement time (nominally 1 minute)

and reports the total number of photons.

Figure 2.4: Tritiated steel sample immersed in the zinc chloride wash beaker
stored in a fume hood. The volume of liquid used covers the sample such
that no tritium is lost to outgassing in air.

For a well calibrated photodetector, the number of detected photons in a

given time interval corresponds to the total number of decayed tritium nuclei

in the solution. The liquid scintillation detector at the Laboratory for Laser

Energetics is calibrated daily by a technician in the Operations Group with

two calibration sources, 3H (0.1µCi dated 12-Mar-2015) and 14C (0.2 µCi)

that comes with a National Institute of Standards and Technology (NIST)
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certificate. This gives a hard number of the total number of decay betas

present in the solution which can be scaled for any dilutions. The liquid

scintillation counting technique (LSCT) reports the total number of counts

over a one-minute count window. Typically, each sample is only counted for

one minute with the LSCT instrument shown in Figure 2.5 (PerkinElmer

TriCarb 4910TR) reporting counts-per-minute (CPM).

Figure 2.5: The PerkinElmer TriCarb 4910TR unit at the Laboratory for
Laser Energetics shown with the lid open and sample vials inside the sample
racks.

By using the known volumes of the aliquots, the final volume of the zinc

chloride solution and the count time of the procedure, the CPM can be

converted to decays per second (Becquerels) in the measured aliquot volume,

as shown in Equation 2.1. This analysis is completed for each aliquot of

the sample, including the initial solution background measurement using the

volume of the zinc solution prior to the addition of the rinse solution.
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A(Bq)al =

[
CPM

t
× 100

Eff

]
(2.1)

Here,

• A(Bq)al is the activity (in Becquerels) of the aliquot

• CPM is the counts per minute (reported for each sample)

• t is the count time of the sample (nominally 60 seconds)

• Eff is the detector counting efficiency (reported for each sample)

The aliquot activity can be scaled to the activity in the original volume

and scaled for any dilutions that may have occurred if the activity in the

LSC vial exceeds the limit of the tri-carb. For samples with large surface

inventories of tritium, a single dilution step is done. In this case, 250µL of

solution are thoroughly mixed with 4 mL of LSC. Then, a 250-µL aliquot of

this volume is then mixed with 4 mL of additional LSC, this results in roughly

a 17x dilution factor. The activity can be calculated from the aliquot volume

using Equation 2.2. After correcting the activity in the original volume for

the background, the activity measured in the triplicate aliquots after the

sample was immersed in the liquid can be calculated using Equation 2.1 and

scaled to the final volume using Equation 2.2.

A(Bq)0 =

[(
A(Bq)al)

Val

)
×
(
Val + Vlsc

Val

)N]
× V0 (2.2)

Where,
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• A(Bq)0 is the activity (in Becquerels) of the full volume

• Val is the volume (mL) of the aliquot taken from the solution

• Vlsc is the liquid scintillation volume (mL) added to each vial, nominally

4 mL

• N is the number of dilutions of volume Val (mL)

• V0 is the final volume of the solution

The background value is subtracted from each aliquot and the mean

value of the activity is reported in millicuries (mCi) by dividing by 3.7× 107

(mCi/Bq). The experimental errors are determined from the volume mea-

surements, and counting statistics. The first error propagation step calculates

the error in the conversion from CPM to Becquerels (Aal−e) and is shown in

Equation 2.3.

Aal−e = A(Bq)al ×

(et
t

)2

+

(√
CPM

CPM

)2

+

(
0.01

Eff

)2


1
2

(2.3)

Here,

• et is the assumed time error (assumed to be 0.6 seconds)

• 0.01 is the efficiency error, based on the number of digits reported from

the Tri-Carb

The volumetric and dilution scaling calculated in Equation 2.2 has asso-

ciated errors that are calculated and propagated to the activity value using
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Equation 2.4. The error in the volumes used in the activity calculation are

based on the readability or known error of the dispensing unit. For example,

the LSC dispenser has a readability of 0.01 mL resulting in an error of 0.25%

in the dispensed quantity. The deionized water dispenser has a readability

of 0.5 mL resulting in an error of 0.5% in the dispensed volume. The vol-

umetric pipette used to take the 250 µL aliquot has the smallest error at a

manufacturer reported value of less than 0.1% of the dispensed volume.

A0−e = A(Bq)0×
[(

Aal−e
A(Bq)al

)2
+N

(
eVlsc
Vlsc

)2
+N + 1

(
eVal
Val

)2
+
(
Verr
V0

)2] 1
2

(2.4)

Where,

• eVlsc is the error in the scintillation volume

• eVal is the error in the aliquot volume

• Verr is the error in the V0

• 0.01 is the efficiency error, based on the number of digits reported from

the Tri-Carb

The background subtraction also adds error to the calculated activity

and is accounted for by taking the squared sum difference of the activity

determined for the aliquot and the background sample as shown in Equation

2.5.
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Atotal−e =
[
(A0−e)

2 + (A0−bkg−e)
2
] 1
2 (2.5)

Where,

• A0−e is the calculated activity error in the final volume

• A0−bkg−e is the calculated activity in the background sample

A MATLAB script has been utilized that was developed by Matthew

Sharpe and attached to this work in Appendix 2.A. The script takes user

inputs of the CPM, counting efficiencies, aliquot volume, initial volume and

the number of dilutions and calculates the average activity (in mCi) of the

sample set and the associated error as outlined above. The script is written

such that the user inputs can define the volumes used and has only a single

assumption in the count time error. This allows the script to be expanded

to experiments where liquid scintillation counting is also used.

2.3.2 Thermal Desorption

It is well established that the quantity of tritium absorbed into a metal

sample during exposure to tritium gas is related to the metallic surface con-

ditions, and that treatments or modifications to the surface (i.e. mechanical

polishing, deposited thin films) can modify the total quantity of absorbed

tritium.[5, 9, 10, 11, 24, 31] It is important to have a tritium inventory

measurement technique that can measure the absolute quantity of tritium
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absorbed by the sample. Thermal desorption is a technique where metal

samples are heated to high temperatures (>700◦C) to release both surface

and lattice bound hydrogen isotopes. The high temperatures encourage dif-

fusion of species out of the lattice sites and subsequent desorption from the

sample surface. With sufficient temperature, the thermal energy of the sur-

face bound HTO molecules can overcome the activation barrier (Figure 1.3

Echem) to desorb from the surface. Using a thermal desorption setup similar

to the one described below, the desorption rate of tritium from the surface

can also be measured.[33] Tritons that initially are found in the metal lat-

tice sites are able to migrate to the surface and desorb as tritriated water

(HTO). The thermal desorption technique described here is only intended for

measurement of the total quantity of tritium residing in the stainless-steel

samples.

The experimental setup is shown in Figure 2.6. Each bubbler is rinsed

several times with clean DI water prior the start of the experiment to remove

any tritium contamination that is left on the glass walls from previous exper-

iments. Once any significant background contamination is removed, 100 mL

of DI water is added to each bubbler. The tops of the bubblers can be re-

moved from the base. The top is replaced after the water has been added and

the frits soaked in the added water. A background sample is collected from

each bubbler after the frit is wetted by taking a 250-µL aliquot of the water

and mixing it with 4 mL of LSC in an individual 6-mL LSC vial. This sample

allows for the quantification of any leftover contamination of the glass bub-
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bler or glass frit that remains after cleaning. The tritiated sample is placed

in the mouth of the desorption furnace and the 1-in VCR male fitting seals

the furnace. A single 1/4-in stainless-steel tube extends from the mouth of

the furnace and is connected to the first bubbler with a Swagelok Ultra-Torr

fitting. This is a single stainless steel to glass fitting that completes the gas

flow path from the furnace to the bubblers. A second Ultra-Torr fitting is

used after the second bubbler and connects to a 1/4-in stainless-steel line

that terminates in a mass-flow meter (MFM). The flow meter measures the

flow of the ultra-high purity (UHP) argon sweep gas through the system to

ensure no leaks exist prior to starting the desorption experiment. Once the

system is sealed, 100 standard cm3/second (sccm) of an UHP argon carrier

gas flows through the desorption furnace, into the first bubbler and finally

into the second bubbler and into the MFM.

The control program is written with an Arduino based code and has a

corresponding Python based graphical user interface (GUI) where the user is

able to input the desired temperature, the hold time at the desired temper-

ature, the cool down time and the flow rate of the sweep gas. The program

automatically sets the flow rate after the user hits ”start” and will not start

the heating until the difference between the set flow rate (MFC) and mea-

sured down-stream flow rate (MFM) is less than 10 sccm. Once the condition

is satisfied, the program will energize the heater by activating a relay until

the user input temperature (nominally 750◦C) is reached as measured with a

k-type thermocouple. The program will keep the sample at this temperature
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for the user input time (nominally 180 mins) until the dwell period is reached.

Then, the sample is allowed to convectively cool in the argon sweep gas. A

plot of temperature vs time of a typical thermal desorption experiment is

given in Figure 2.7.

Figure 2.6: (left) Block diagram of the thermal desorption facility setup.
(right) Photograph of experimental setup in a fume hood with the MFM
shown on the exhaust of the system.

The tritiated metal sample is placed in an desorption oven and heated

to 750 (± 10)◦C for three hours. The primary desorbed species (HTO) was

captured by bubbling the sweep gas in 100 mL of DI water. Any tritiated

water vapor carryover due to evaporative loss was captured in the second

water bubbler, which contained the same volume of water. The efficiencies

of the two bubblers combine to capture >99% of all HTO species released.[33,

40] For USS samples, <5% of the total absorbed tritium is expected to be
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released as non-soluble HT and is not accounted for in these experiments.

This source of tritium is ignored to reduce the experimental complexity and

is assumed to be a constant and source of systematic error to all unmodified

stainless-steel (316) samples.[40] Following the hold time at temperature, the

sample was allowed to cool to room temperature with a continuous flow of

the argon sweep gas. The activity collected in the bubblers was sampled

using liquid scintillation counting, and the results of the aliquot counting

scaled to the total volume of liquid in the bubblers.

Figure 2.7: Heating profile for a sample subjected to the thermal desorption
technique.

After the furnace reaches room temperature, the sample is removed, and

the bubbler is disconnected. The bubblers are opened, and the frit allowed

to drain any water into the bubbler volume. Three aliquots of tritiated water
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(250-µL each) are taken from each 100-mL bubbler and mixed with 4 mL

of LSC in individual 6-mL scintillation vials for a total of six samples, three

from the first bubbler and three from the second. The vials are put into the

Tri-Carb and the count rate (CPM) in each aliquot volume is converted to

activity using the same method outlined in Section 2.3.1. The three aliquot

vials have the background quantity subtracted and a mean activity (mCi)

value is calculated from each bubbler. The total quantity of removed tritium

from a sample is calculated as the sum of the first and second bubbler average

values. The error in the measurement is propagated as described earlier

(Section 2.3.1).

The removal of lattice bound tritium is diffusion limited and as the tritium

desorbs from the surface of the sample, the concentration of tritium inside

the lattice develops into an error function with the root mean square distance

shown in Equation 2.6.[38]

〈x〉rms =
√
4×D(T )× t (2.6)

This estimate is based on Fickian diffusion theory for the diffusive de-

cay of a 2-dimensional emitter where the mean migration distance (〈x〉rms)

depends on the diffusivity (D) of the material at a given temperature (T)

and the time (t) at the desorption temperature.[6] From Equation 2.6, the

mean migration distance increases as either the temperature or the time at

temperature increases. Samples used in these experiments are 0.3 cm thick
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rectangular stainless-steel (type 316) pieces. Using the literature diffusivity

values at the desorption temperatures (1.13 × 10−9 m2s−1) and a hold time

of three-hours, the mean migration distance of an atom is 6.98 cm.[38] This

is 22x larger than the thickness of the stainless-steel samples. This ensures

the tritium inventory loaded into the sample when it is exposed to tritium

gas can be removed from the sample and collected in the bubblers.

2.3.3 Acid Etching

The present work also utilizes a technique to measure the tritium concen-

tration as a function of depth in type 316 stainless-steel (SS316) samples.

These profiles were measured using a combination of a surface wash using

aqueous zinc chloride described previously (Section 2.3.1) followed by sequen-

tial chemical etching in mixtures of dilute hydrochloric acid (HCl) and nitric

acid (HNO3). Thermal desorption was used to quantify the total tritium

inventories in the SS316 samples after the etching experiment.

To measure the tritium concentration in the metal, a destructive chemical

etching of the sample is required. This procedure involves sequentially im-

mersing a tritiated sample in different beakers, each containing one of two

dilutions of a 3:1 mixture of hydrochloric and nitric acid. The mixture of

these acids is colloquially known as ”aqua regia” and is a known etchant

for stainless-steel samples to measure the tritium concentration as a func-

tion of depth into the metal. Acid solutions were prepared by mixing stock

HCl (37% wt%) and HNO3 (70% wt%) in a ratio of 3:1 and then diluting
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with deionized water to a water-to-acid ratio of either 1/4x acid-to-water-

concentration or 1/2x acid-to-water-concentration. The 1/4x dilution was

used for the initial six etchings to achieve a finer depth resolution (1-10 nm)

per etch. The remainder of the etchings used a 1:1 acid to water dilution to

achieve further penetration into the metal. Prior to etching, the sample is

subjected to the zinc treatment to determine the inventory of tritium in the

adsorbed water layers (Section 2.3.1). After the sample is etched, the sample

is removed and washed with 8 mL of deionized water to rinse off any etchant

solution. Finally, the residual activity in the sample, not removed during

the etching, is determined with the thermal desorption methods described in

Section 2.3.2. The pH of each etchant solution was adjusted to pH ≈0 with

sodium hydroxide (9.5 M). For the 1/4x acid concentrations, this required

12.3 mL of NaOH, while the 1/2x solutions required 31 mL of NaOH. A 1-

mL aliquot taken from the resultant solution was mixed with 4 mL of Ultima

Gold LLT liquidTM scintillation cocktail and the activity in each LSC vial

determined using liquid scintillation counting.

The normal etching sequence is shown in Table 2.2. The procedure of acid

etching times and concentrations were determined by trial and error to have

maximum resolution at the low end of the sample while still being able to

etch into the depth of the material ( 2 µm) within a short period of time. The

etchant solutions are shown in Figure 2.8 with etching concentration and/or

etching time increasing from left to right with 60 mL of etchant solution in

each beaker. The mass of a sample was measured before and after each etch
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using a Mettler-Toledo XP205DR analytical balance, which has a minimum

resolution of 50µg and a repeatability of 7µg.

Table 2.2: Acid etching procedure with corresponding etching times and the
concentration of acid used for the etch.

Etch Number Etch Time (min) Concentration
0 5 Zinc Chloride Wash
1 2 1/4x
2 2 1/4x
3 2 1/4x
4 2 1/4x
5 10 1/4x
6 10 1/4x
7 5 1/2x
8 5 1/2x
9 5 1/2x
10 10 1/2x
11 10 1/2x
12 10 1/2x
13 20 1/2x
14 20 1/2x
15 20 1/2x
16 40 1/2x
17 40 1/2x

The etch depth was determined by recording the mass loss from each

sample after each etch step with the assumption that each etchant solution

removes material equally from all faces of the stainless-steel samples. The

quantity of material removed during the etch is calculated by determining

the mass loss after each etching by subtracting the mass remaining in the

sample from the mass remaining in the previous etch. The mass removed

from the sample during the etch is divided by the density of stainless-steel
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(7.9 g×cm−3) and the surface area of the sample (23.46 cm2).

Figure 2.8: Etchant solution color post etching. Longer etch times and higher
concentration results in more material removed and a darker yellow color
(iron 3 complexes)

The error in the mass measurement is calculated using Equation 2.7 by

using the constants given in the Mettler-Toledo weighing accuracy (V2.1)

manual given for the balance model number.[35]

Me(i) =
[
(a+ b×Mr + t)2 + 2

3
(c×Mr)

2 + 1
3
(Mr (d×Mr))

2
] 1
2 (2.7)

Here,

• Mr is the mass remaining in the sample

• t is the tare mass of the sample

• a & b are the corresponding repeatability constants (8×10−6 & 1.2×10−7)
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• c is the non-linearity constant (1×10−11)

• d is the temperature constant (8×10−7)

To calculate the etched distance, the difference between two mass mea-

surements are made and the error in this calculation is given by Equation

2.8.

Me =
√
Mr(i− 1)2 +Mr(i)2 (2.8)

Where,

• Mr(i− 1) is the mass remaining in the sample from the previous step

• Mr(i) is the mass remaining in the sample

The tritium concentration in the etchant solution can be calculated using

the etched distance by taking the activity in the etchant solution determined

with LSC and dividing by the etched distance times the surface area of the

sample. The concentration is reported as µCi×cm−3. Taking the concentra-

tion vs etched distance reveals details in the tritium concentration profile.

2.A Appendix to Chapter 2

The relevant data compilation files and analysis files that are used in both

this and the following chapters has been added to a GitHub repository here:

https://github.com/cfagan1192/Thesis-Data.git
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Chapter 3

Unmodified Stainless-Steel (316)

3.1 Stainless-Steel Sample Specifications

All samples are cut from a common stainless-steel billet (type 316) and rig-

orously machined to the dimensions shown in Figure 3.1. The machining

provides a template for samples that can be compared across multiple load-

ing batches without the need to measure the individual sample variation.

After the stainless-steel samples are machined to the requirements in Figure

3.1, approximately 0.033 in of the large faces of the sample is machined away

to remove any surface imperfections, chemical scales or other inclusions that

may have occurred from either the manufacturing of the stainless-steel billet

or during the machining process.

The material certification (Figure 3.2) is common across all samples that

were manufactured from the same billet of stainless steel. The material report

provides the elemental composition of the sample. There are no sample-to-

sample variations in the chemical composition expected since all samples
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Figure 3.1: Stainless-steel sample 3D CAD drawing with dimensions. Ma-
chined tolerance is ± 0.001 in.

are cut from a common stainless-steel (316) billet. The combination of the

material composition and the rigorous machining provides samples that can

be compared across different tritium exposure batches.

To understand the variability that arises from manufacturing, a set of

sixty samples were measured for both the geometric tolerance and the mass

of the sample. The geometric values (length, width and thickness) were

measured with calibrated-calipers and the results are shown in Table 3.1.

The geometric variation that stems from the manufacturing process to the

tolerances defined above leads to a ≈1.84% geometric difference in the overall

sample set. The average length (1.997 in) of the sixty samples was less than

the required length (2.000 in). The mean width of the samples (0.750 in)
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Figure 3.2: Certified chemical composition of stainless-steel (316) samples
used in these experiments. Data from the material certification report pro-
vided by the North American Stainless Canadian Inc. under certificate num-
ber 115269. The balance of the material is iron (Fe) and is not shown for
clarity.

meets the required machined value (0.750 in). The largest source of difference

in the geometric values was the thickness of the sample. The thickness is the

smallest value at 0.118-in, however the measured mean value of the sixty

samples (0.116 ± 0.0025 in) exceeded the limits of the required machined

value (± 0.001 in). The difference in the thickness across the sixty samples

contributed to 92% of the total difference. The source of the large variability

in the thickness of the samples likely comes from the skimming of the sample

surface to remove inclusions. The dimensions from Figure 3.1 can be used
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to calculate the surface area of the sample. For these samples, the surface

area is expected to be 3.65 in2, however due to the variation in the geometric

values, a surface area of 3.63 (± 0.01) in2 is calculated for the mean of the

sixty-sample set. This deviation accounts for 0.52% error in the surface area

of the samples.

Table 3.1: Geometric tolerance of machined stainless-steel (316) samples.
sixty-samples were measured and the mean reported along with the standard
deviation of the mean values.

Dimension Mean (in) 1σ (in) % Error from Design
Length 1.997 0.0002 0.15

Thickness 0.116 0.0010 1.69
Width 0.750 0.0025 -

Surface Area 3.63 (in2) 0.01 (in2) 0.52

The mass of sixty samples was measured using a Mettler-Toledo XP205DR

analytical balance, which has a minimum resolution of 50µg. The balance

was tared before and after each sample and the measured mass was recorded

to 0.0001 grams. The results of the measurements are shown in Figure 3.3.

The individual mass of each sample was recorded and plotted as a histogram

with the number of bins equal to the square root of number of samples mea-

sured. A normal density function fit was made in MATLAB R© using the

”histfit” function. This function calculates the mean (µ) and standard devi-

ation (σ) values of the normal density function with 95% confidence interval

limits. From the fit given in Figure 3.3, the mean mass of the sixty-sample

set is 22.78 (± 0.18) grams. The deviation in the mass accounts for 0.8%



CHAPTER 3. UNMODIFIED STAINLESS-STEEL (316) 44

error between the samples.

Figure 3.3: Mass distribution of machined stainless-steel samples. The mean
mass (µ) and standard deviation (σ) reported with 95% confidence interval
values. The histogram is representative of 60 samples with the number of bins
equal to the square root of the number of elements. The black distribution
fit is determined from a normal probability density function.

As described earlier, stainless steel was used as the substrate material for

all samples included in this work. The samples cut from a common plate of

bar stock are expected to have a chemical composition consistent with the

material certificate provided with the samples. However, a more detailed

look at the surface chemical and physical properties was performed and the

analysis outlined below. To understand the chemical composition beyond the

material certificate, x-ray photoelectron spectroscopy (XPS) was employed
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to look at both surface chemical states and sub-surface states using an in situ

argon ion etching. The analysis was done with a Kratos Axis Ultra DLD XPS

provided by the University of Rochester’s Integrated Nanosystems Center

(URnano). The instrument features chemical state identification using mono-

energetic aluminum k-alpha radiation, with a depth resolution of 1-10 nm.

Standard parameters are chosen under ultra-high vacuum conditions (typical

chamber pressure less than 1x10−9 torr) such as a 10-mA emission current,

15 kV (anode HT) with a hybrid lens and 20 pass energy resolution. The

sample z-height is always calibrated during every sample analysis, using the

auto z-calibration function built into the Kratos software. For a stainless-

steel sample with a thickness of 0.750 in, the calibrated z-value is around -3.0

on the X, Y, Z stage position indicator table.

The spectrum in Figure 3.4 shows the dominant peaks on the surface of

the air-exposed unmodified stainless-steel (316) samples. The large peak

at a binding energy of 285 eV is the indicative carbon line. This peak is

from the C-C, C-H and C-OH chemical environment. Air-exposed samples

usually show large carbon peaks from small chain species that adsorb onto

the surface. These carbon species are colloquially known as ”adventitious

carbon” because the peak is present in almost all surface XPS scans. The

signal is adventitious because it can act as an internal calibration standard for

non-conducting samples. Carbon is typically accompanied by oxygen (second

largest peak at 531 eV). The combination of these elements is indicative of

an air-exposed sample that was handled without a glove. These layers can



CHAPTER 3. UNMODIFIED STAINLESS-STEEL (316) 46

be removed with light etching to reveal the chemical states on and in the

surface of the metal.

Figure 3.4: XPS spectrum of air-exposed unmodified stainless-steel (316)
sample.

For etching, the chamber is filled to 1x10−7 torr with ultra-high purity

(UHP) argon gas and a 5 keV monatomic argon gun used for etching. The

argon beam has a 0.506 mm x mm raster box across the surface providing ≈1

mm2 of etched area. The sample was etched for 430 seconds and the resulting

spectrum shown in Figure 3.5. Carbon contamination on the etched spot is

reduced revealing the signal from the underlying metal substrate. The inter-

action volume of the impinging x-rays with the surface to produce electrons
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is estimated to be 1-2 nm. Post etching identification of chromium (573.92

eV), and iron (806.91 eV), is possible as the dominant species, however, some

carbon contamination still exists. This is likely due to redeposition on the

surface post sputtering. The etching rate is not well known for this particular

instrument with a stainless-steel substrate. These etching times are not able

to be converted into depth for the work presented here.

Figure 3.5: XPS spectrum of air-exposed unmodified stainless-steel (316)
sample after 430 seconds of a 5 keV monoatomic argon etch.

The surface roughness of these samples was measured using a Zygo NexView

NX2 white light interferometer at the University of Rochester Laboratory for

Laser Energetics’ Optical Fabrication Shop. This instrument is capable of

measuring differences in surface features down to a few nanometers. The
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stainless-steel sample were cleaned with the three solvent wash (Section 2.1)

to remove any surface contaminants prior to the measurement. The results of

a single representative scan are shown in Figure 3.6 with 10 scans performed

on a single sample at different locations on the sample surface. The mean

surface roughness of the samples was determined to be 0.33 (± 0.047) µm.

The long striations that extend across the sample in the horizontal direction

are machining marks from the manufacturing process. These striations occur

parallel to the long edge of the sample and extend the full length. The largest

differences in sample height occur at these striations.

Figure 3.6: Surface features of the unmodified stainless-steel samples mea-
sured with the Zygo NexView NX2 white light interferometer. The scan is
taken over a 0.1849 mm2 area with the magnitude of the surface features
given by the color bar on the right.

Finally, an in-depth analysis of the grain orientation and grain boundaries

was conducted in collaboration with the Advanced Materials and Renew-
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able Energy Laboratories at the University of Saskatoon under the direction

of Professor Jerzy A. Szpunar. Here, the unique orientated grains of the

stainless-steel samples were measured with electron backscatter diffraction

(EBDS) and post-processed with the AZTEC software. The results of the

analysis conducted by the University of Saskatoon are shown in Figure 3.7.

Figure 3.7: EBDS orientation maps for stainless steel substrate: (a) Orienta-
tion maps; (b) Recrystallization fraction maps and (c) KAM maps (black =
martensite, red = austenite); (d) Phase maps ((Body Centered Cubic (BCC)
=blue, FCC= red, Iron Carbide (Fe3C)=yellow))

Here, the average grain size is visually represented for the stainless-steel

samples used in this work. The grain distribution in these samples appears to

be relatively uniform with smaller grains comprising the area near the center

of Figure 3.7. Using the pole and inverse pole data from Figure 3.8, the

grain orientation can be elucidated. For these samples, the grains align with
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the 101 crystallographic orientation, or aligned with sample normal. The

steel-substrates have weak texture with a maximum intensity of 3.27, where

the most intense orientation corresponds to a particular metallic phase. The

stainless-steel samples used in this work show little texture but are dominated

by deformed grains.

Figure 3.8: (a) Pole and (b) inverse pole figures for stainless steel substrates

The recrystallization fraction map suggests that the stainless-steel grains

areas observed are dominated by deformed grains (red) rather than recrys-

tallized (blue) or recovery grains (yellow). The kernel average misorientation

(KAM) maps shows the orientation of the martensite and austenite phases

in the sample. These KAM phase maps in Figure 3.7 indicate the dominant

crystal unit to be FCC, consistent with the austenitic nature of stainless steel

316, with trace quantities of bcc phases and iron carbides impurities. The

analysis from the University of Saskatoon indicates the grains in the stainless-
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steel substrates have weak texture but consist primarily of deformed grains.

3.2 Tritium Loading Conditions

Unmodified stainless-steel samples were exposed to tritium gas in separate

batches of different exposure times to understand how the absorption of tri-

tium varies. The data presented in the following section result from five

different batches where the gas exposure time was varied, as outlined in Ta-

ble 3.2. The exposure time of the samples was varied from a maximum of

92 hours to a minimum of 30 minutes. The batches presented in Table 3.2

are shown in chronological order. A large data set was established previ-

ously with samples exposed to tritium gas for 24-hours.[9, 10, 38, 40] Since

increased exposure time is likely to increase tritium absorption, only a single

exposure time greater than 24-hours was chosen to reduce the potential ra-

diological dose the experimenter may receive. The remainder of the batches

included samples exposed to tritium gas for less than 24-hours.

Table 3.2: Unmodified stainless-steel sample exposure conditions with corre-
sponding batch number, exposure time and tritium partial pressure.

Batch Number Exposure Time (hr) PT (atm)
1 24 0.53
2 92 0.57
4 8 0.52
5 2 0.53
6 0.5 0.53
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3.3 Tritium Measurements

Tritium isotopic exchange with the adsorbed water layers on the sample

surface is assumed to be a key step in the overall absorption of tritium. The

quantity of tritium in these water layers was measured with the zinc chloride

technique. The total quantity of tritium (mCi) in the adsorbed water layers

for each sample across all five batches is shown in Figure 3.9. Each sample is

represented by a single bar in the figure with the corresponding experimental

error and grouped by batch. Each batch is represented by a different color

that is consistent across all figures. The mean surface activity of each batch

is shown as the horizontal dashed line with ±1 standard deviation of the

mean (σ) shown as the shaded region above and below the mean. Within

each batch, there is variation in the measurements that extends beyond 1σ.

These variations are not fully understood, but errors in extra touching or

dropping of the samples prior to immersion in the zinc solution may attribute

to some of this variability.

For samples exposed to tritium gas for 24 hours, the mean surface activity

is 1.28 (± 0.33) mCi while the mean surface activity in the 92-hour case was

found to be 2.62 (± 0.75) mCi. The increase in the surface activity is roughly

2x, while the increase in the exposure time was closer to 3.8x. This limiting

effect is also observed at lower exposure times as well. For samples exposed

to tritium gas for the 8-hours, 2-hours and 0.5-hour cases, the mean surface

activity was determined to be 0.76 (± 0.29) mCi, 1.26 (± 0.4) mCi and 0.69
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Figure 3.9: Surface activity (mCi) of the samples after exposure to tritium
gas for the times listed on the abscissa. The individual error bars repre-
sent experimental error determined for each sample. The dashed line repre-
sents the mean value of the measured surface activity with plus and minus
one standard-deviation of the mean shown as the shaded region within each
batch.

(± 0.06) mCi respectively. It is unclear why the samples exposed for 2-hours

retained more tritium on the surface than the 8-hour batch. The surface

activity for the lower exposure times also does not scale with the exposure

time and seems to reach an steady-state after just 30-minutes. This would

suggest that the physical process of tritium migration from the gas phase

into the adsorbed water layers is rapid.

As noted previously (Chapter 2), the samples are stored in an inert helium
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glovebox prior to tritium exposure. Under these dry conditions, the identi-

cal stainless-steel surfaces are expected to contain only a single adsorbed

hydroxyl layer (-OH) with two adsorbed water layers.[22, 28] The hydroxyl

layer only contains a single hydrogen binding site per molecule where the

adsorbed water layers contain two sites per molecule. Since a single mono-

layer of water contains ≈1x1015 H2O molecules per square centimeter per

monolayer, the total number of tritium binding sites in the adsorbed water

layers can be calculated using Equation 3.1.[16]

(
1× 1015

H2O

cm2 ∗ML

)
×ML×

(
2H

H2O

)
× Sa (3.1)

Where,

• Sa is the surface area of the sample.

• ML is the number of monolayers (2.5 in this case)

The total number of tritium binding sites in the water layers is 1.2x1017

for the stainless-steel samples used in this work. Using the mean surface ac-

tivities (Figure 3.9) the number of tritons in the adsorbed water layers can be

used to calculate the fraction of surface sites occupied by a triton. Using the

fundamental constant of 5.802x104 curies per mole of tritium and Avogadro’s

number, the number of tritons can be calculated. Table 3.3 shows the results

of this calculation for the unmodified stainless-steel batches. The fraction of

occupied sites in all of the batches falls well short of 50% of the sites labeled
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with a triton even for a sample exposed to tritium gas for 92 hours

Table 3.3: Calculated fraction of sites occupied by a triton in the tritium
contaminated adsorbed water layers for the unmodified stainless-steel sam-
ples.

Batch Number Number of Tritons Fraction Occupied (%)
1 1.3x1016 11
2 2.7x1016 23
4 7.9x1015 7
5 1.3x1016 11
6 7.2x1015 6

The isotopic exchange reaction between the gas phase tritium and the

surface bound water layers is given in Equation 3.2;

HT(g) +H2O(s) = H2(g) +HTO(s) (3.2)

where the gas phase is denoted as (g) and the adsorbed surface species

as (s).[28]

The data from Figure 3.9 suggest that the quantity of tritium in the

adsorbed water layers develops rapidly, and that the increase in the tritium

site occupancy in these water layers occurs only for long exposure times.

This suggests that an additional factor is missing other than just isotopic

exchange. It is known that mixtures of H2 and D2 gas mixed in a container

will form very little HD (if at all) after allowing to mix for protracted lengths

of time. Further, the addition of D2 into a stainless-steel storage vessel will
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contain little (if any) HD or H2 that comes from the walls of the container.[14]

This suggests that the formation of these species is somehow unfavorable.

However, upon addition of T2 or DT to a stainless-steel storage vessel, the gas

phase will develop detectable quantities of HT and the other isotopologues.

The walls of the container will also contain adsorbed tritium indicating that

the formation of these isotopologues through isotopic exchange is favorable

with tritium in the gas mixture. Strictly changing the number of neutrons

in an atom does not change the element, and as such, the chemistry of the

hydrogen isotopes is expected to be identical. The data presented in this

work suggests that there is an additional factor that enhances the isotopic

exchange rate when tritium is present.

The beta (β) from tritium decay is known to cause damage in plastic

material. With an average energy of 5.7 kilo-electron volt (keV), the decay

beta is able to impart energy to the surface to increase the reactivity of the

surface. The mean free path can be calculated for the loading conditions by

scaling the known mean free path of a 5.7 keV decay beta (at 1 atmosphere =

3 cm in tritium gas) for the pressures used in these experiments. The mean

free path in 0.53 atm of tritium is ≈4 cm. The space between the two samples

in the exposure cell (Figure 2.1) is on the order of 6 mm. For a beta born

at the center point between the two sample surfaces, the mean free path is

sufficient such that it can reach the edges of the 6 mm gap, irradiating both

surfaces. The volume of the β-interaction can be calculated by multiplying

the surface area of the samples by the mean free path. The volume that the
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tritium beta can interact with is 6.9 cm3. Taking this volume and multiplying

by the mean partial pressure of tritium and the fundamental constant of 2.58

Ci*atm−1*cm−3, the number of tritium atoms in the interaction volume is

calculated to be 8.9 Ci, or 3.2x1011 Bq. This corresponds to 3.2x1011 β-

particles per second in the interaction volume that are able to irradiate the

surface. The flux of β-particles to the surface during the loading conditions

is constant since it depends only on the partial-pressure of tritium present

during the exposure. However, the number of interactions that these β-

particles have with the surface is not well understood. The average energy of

the decay beta has sufficient energy to break many chemical bonds, which are

on the order of several electron volts. This indicates that if only a fraction

of the decay betas initiates an event, there is sufficient energy to ”scramble”

surface-bonds and facilitate the rapid adsorption of tritium in the surface

water layers. The ”β-scrambling” mechanism proposed is consistent with the

rapid absorption of tritium that is observed in this work.

The quantity of tritium in the adsorbed water layers on tritium exposed

stainless-steel samples speaks to only a single component of the total ab-

sorption of tritium in the sample. After the zinc wash, the sample is then

subjected to the thermal desorption technique to measure the tritium inven-

tory that remains in the metal lattice. The quantity of tritium measured

from the sample during thermal desorption is the tritium that remains inside

the metal oxide and metal bulk. The quantity of tritium remaining in each

sample is shown in Figure 3.10.
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Figure 3.10: Bulk activity (mCi) samples after exposure to tritium gas for the
times listed on the abscissa. The individual error bars represent experimental
error determined for each sample. The dashed line represents the mean value
of the measured bulk activity with plus and minus one standard-deviation of
the mean shown as the shaded region within each batch.

The quantity of tritium that remains in the sample increases with expo-

sure time. Samples exposed to tritium gas for 0.5 hours had 0.25 (± 0.12)

mCi while samples exposed for 24 hours and 92 hours had 3.6 (± 0.6) mCi

and 4.8 (± 1.4) mCi respectively. The 2-hour and 8-hour exposure batches

retained virtually the same quantity of tritium in the bulk, 1.4 (± 0.3) mCi

and 1.5 (± 0.4) mCi respectively. The similarity of the bulk activity in the

two batches is unexpected. The longer the sample is exposed to tritium gas,

the more tritium is expected to diffuse into the lattice. The increase between
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the 0.5-hour and 2-hour case is ≈ 18%, while the increase between the 8-

hour and 24-hour case is ≈40%. The 92-hour case increases ≈75% from the

24-hour case. The increase in exposure times scales roughly by a factor of

four except for the 8-hour to 24-hour case, which is a factor of three.

The ratio of the surface activity divided by the bulk activity can give

insight into the relative movement of tritium into the metal bulk for the

various sample exposure conditions. The surface activity contributes more

for low exposure times and plateaus quickly after about 8 hours as shown in

Figure 3.11. This observation is consistent with a profile that is driven by

the solubility ratio across the interface.

The surface to bulk trend indicates that at the lower exposure times, the

rapid steady-state value of tritium in the adsorbed water layers acts as the

reservoir for tritium movement into the metal. However, for longer exposure

times, the reservoir is depleted as tritium moves from the adsorbed water

layers into the metal bulk. This affirms the assumption that the migration

of tritium into a metal sample must first go through the adsorbed water lay-

ers. The steady-state value also suggests that the diffusion of tritium into the

metal sample is the rate limiting step of tritium absorption. The surface/bulk

ratio is higher than expected and does not appear to drop with increased ex-

posure time, suggesting that the increased population of the metal lattice

sites is being limited by some mechanism. One such mechanism that hinders

the increased population deeper into the metal are defect sites that reduce

the diffusive flux of tritons deeper into the metal bulk.
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Figure 3.11: Surface to Bulk ratio for stainless-steel samples after exposure
to tritium gas for the times listed on the abscissa. The error bars represent
the sum square-root of the standard deviation of the mean activity divided
by the mean activity for each region.

The tritium concentration in the adsorbed water layers as a function

of time can be described by a coupled equation with β-enhanced isotopic

exchange and subsequent diffusion of tritium into the bulk setting the con-

centration as shown in Equation 3.3.

ĊT = β (kfCTCH2O − krCHCHTO)−D
δ2CTbulk
δx2

(3.3)

Where,
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• β is the enhanced rate of reactions on the surface caused by beta decay

• kf is the reaction rate in the forward isotopic exchange direction

• CT is the concentration of tritium

• CH2O is the concentration of protonated water

• kr is the reaction rate in the reverse isotopic exchange direction

• CH is the concentration of hydrogen

• CHTO is the concentration of tritriated water

• D δ2CTbulk
δx2

is the diffusive term for movement into the metal bulk

The concentration of tritium on the surface is a balance of the isotopic

exchange that increases the tritium concentration on the surface and the

diffusion of tritium from the surface into the bulk, depleting the surface

concentration. The isotopic exchange reaction has both a forward and reverse

direction. The forward reaction describes the formation of HTO while the

reverse describes the formation of H2O. Since the beta-enhanced isotopic

exchange is proportional to the number of betas present, this is expected to

be a constant value. Since the adsorbed water layers are bonded directly

to the metal surface, the free energy across this interface is constant. At

equilibrium, the concentration of tritium in the adsorbed water layers and

the metal bulk are related through the ratio of the tritium solubility in the

two regions. Since a rapid equilibrium of the surface concentration arises, it
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is likely that the equilibrium across the interface is also rapid. The chemical

potentials of tritium dissolved in the two regions are equal at this equilibrium

condition as described in Equation 3.4.

µsurf = µlattice (3.4)

Here, µ is the chemical potential of the surface and lattice sites respec-

tively. The above equality leads to the relationship between the concentra-

tions of tritium within each region as shown in Equation 3.5.

ceqsurf
ceqlattice

= e

(
−
µsurf−µlattice

RT

)
(3.5)

where,

• µsurf is the chemical potential of the surface

• µlattice is the chemical potential of the lattice

• R is the ideal gas constant

• T is the temperature of the system

Equation 3.5 describes the ratio between the equilibrium concentrations

in each region as related to the chemical potentials in each region. For

this system, it is assumed that the interface between the two regions has

a well-defined boundary. As such, a simplified model is used and assumes

that the chemical potentials in each region are the same as the standard
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chemical potentials at the interface. Using Sievert’s law this expression can

be rewritten to the form shown below in Equation 3.6. Here the relationship

between the concentration ratio and the solubility ratio exists for the two

regions of interest.

ceqsurf
ceqlattice

=
Ssurf
Sbulk

(3.6)

Where, S denotes the solubility in the respective region. Here the ra-

tio of the concentrations in each region is related to the solubility ratio in

each region. This is the fundamental assumption of the quantitative tritium

migration model (QTRIMM) developed previously.[38] The solubility ratio

dictates the movement of tritium in the sample. When the tritium concen-

tration on the surface increases, tritium will move inward such that the ratio

across the interface is constant. This value is dictated by the ratio of the

solubilities in each region. The concept of a solubility ratio has also been

observed in the literature with multilayer structures that have differences in

the solubility.[41]

The bulk inventory is added to the quantity removed during the surface wash

to determine the total quantity of tritium in the sample. The total quantity

of tritium (mCi) for each sample across all five batches is shown in Figure

3.12. Each sample is represented by a single bar in the figure with the cor-

responding experimental error and are grouped by batch. The mean total

activity of the data set is shown as the horizontal dashed line with ±1 stan-
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dard deviation of the mean (σ) shown as the shaded region above and below

the mean within each batch. Samples exposed to tritium gas for 24-hours

have a mean total activity of 4.90 (± 0.18) mCi while samples exposed for

92-hours retained more tritium with a mean total activity of 7.44 (± 1.21)

mCi. The total quantity of absorbed tritium increases for samples exposed to

tritium gas for longer periods of time. There is variation in the measurements

that extends beyond 1σ. These variations are not fully understood and ex-

tend beyond both the geometric error (≈2%) arising from the manufacturing

of the samples and the calculated experimental error.

To understand how the tritium absorption in the sample varies with sam-

ple depth, several stainless-steel samples exposed to DT gas for 24-hour were

acid etched. The procedure outlined previously (Section 2.3.3) allows for the

determination of the tritium concentration at various depths. Figure 3.13

shows the concentration vs depth profile (”concentration profile”) of stainless-

steel samples in Batch 1. The large grouping at the far left of the plot cor-

responds to the quantity of tritium removed from the adsorbed water layers

using the zinc chloride method. The data points that populate the graph at

≈1 nm are the first etched data points.

Notably, there appear to be three distinct regions where tritium resides

in the metal, the adsorbed surface water layers, a grouping around 1- 40

nm and the remainder of the sample. It is postulated that the remaining

distinct regions in the metal are the metal oxide (1-40 nm range) and the

metal bulk. It is well established that stainless-steel surfaces exposed to am-
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Figure 3.12: Total activity (mCi) samples after exposure to tritium gas for the
times listed on the abscissa. The individual error bars represent experimental
error determined for each sample. The dashed line represents the mean value
of the measured total activity with plus and minus one standard-deviation
of the mean shown as the shaded region within each batch.

bient conditions will develop a thin oxide, colloquially known as the ”native

oxide”. Tardio et al. measured the thickness of the native oxide on stainless-

steel (type 316) using angle resolved XPS. His measurements suggest that

the thickness is ≈10 nm for air exposed stainless-steel.[43] The grouping of

the metal oxide extends slightly beyond the tens of nanometer range, but

the surface roughness of the sample must also be taken into account. The

unmodified stainless-steel samples have a reported surface roughness on the

order of ≈300 nm. The native oxide will form along the surface topogra-
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Figure 3.13: Tritium concentration as a function of depth after 24-hours of
exposure to tritium gas. The data points represent several samples (N=9)
that were acid etched. No error bars are shown for clarity.

phy which may account for the extension of the oxide beyond the reported

distance. Further, etching of the sample is assumed to be uniform across

the face of the sample, however, after the first few etches, the sample sur-

face finish turns dull. Non-uniformities in the etching may also play into the

penetration of the presumed oxide further into the metal than the literature

reported values.

The solubility of tritium in the stainless-steel oxide is not well understood

or documented. Ozeki et al. suggests that the metal oxide plays an important

role in tritium absorption and that modifications to these native layers can
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alter the tritium concentration on the surface and in the metal lattice.[31]

The concentration of tritium in the metal oxide region exceeds the mean

literature value for stainless-steel by several orders of magnitude.[38] Sharpe

et al. conducted a literature survey of the available data and reported the

mean values and range for the collection. The values from high-temperature

studies were extrapolated to room temperature to match the exposure con-

ditions in these experiments. The deviation from the literature solubility in

this near surface region suggests further that this region is distinct from the

metal bulk. There is a large discontinuity across the adsorbed surface water

layer - metal oxide interface. While the transport of tritons across this inter-

face is rapid, the transport properties are not the same. This difference in

boundary conditions gives rise to the discontinuity observed at the interface.

The penetration of the tritium further into the metal should be governed by

Fickian diffusion into a semi-infinite media, however the shape of the con-

centration profile does not closely follow the shape of an error function. The

assumption that tritium diffuses only through perfect lattice diffusion is a

limiting case. Other types of lattice sites are expected in the samples, such

as crystal imperfections and trapping sites. The energy well of defect sites

in crystals are reported to be higher than lattice sites increasing the binding

of an atom in these sites. The increased concentration in this region, which

exceeds the lattice solubility, can be likely be attributed to these types of

crystalline imperfections. Further, the concentration vs. depth profile that

develops in stainless-steel samples exposed to DT gas for 24-h seems to re-
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main constant even after protracted storage periods.[36] These observations

appear to suggest that the tritium in the metal lattice sites occupy a large

fraction of the defect sites. Further, during the storage period (200 days), the

expected 〈xrms〉 was calculated to be close to 161 µm, however no movement

of tritium was observed, suggesting that the tritons are ”locked” in place.[36]

Using the semi-infinite solution to the diffusion equation, the concentra-

tion profile for the bulk lattice can be calculated (Equation 3.7).

c (x, t) = c0 + (c∞ − c0) ∗ erf
(

x√
4Dt

)
(3.7)

Where,

• c (x, t) is the concentration of tritium at a particular distance x after

time t

• c0 is the concentration of tritium at the surface

• c∞ is the concentration of tritium at infinite distance into the substrate

• D is the diffusivity of the material

• t is time

Using the semi-infinite solution to the diffusion equation and assuming

the following:

• c (x, t) = 0 at t=0

• c0 = Slattice
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the calculated concentration profile for stainless-steel samples exposed to

DT for 24-hours is shown in Figure 3.14. Here the solubility and diffusiv-

ity have a scaling factor of 1, indicating that no scaling is performed. The

shape of the profile greatly underestimates the concentration in the near

surface region (less than 1µm) while the penetration distance exceeds that

of the measurements. However, by scaling the values of the diffusivity and

solubility by 0.1x and 16x respectively, the profile shifts to something more

reasonable. The shape of the profile at distances greater than 1µm is still not

in good agreement with the data. Suggesting that lattice diffusion alone is

incapable of producing a fit to the measured profile. Further, the increase of

16x in the lattice solubility hints to defect sites dominating the near surface

region of the metal. The diffusivity scaling factor also suggests that migra-

tion into the metal is much slower than expected. Defect sites increase the

effective solubility of the material by the addition of sites beyond what is

expected. In a face-centered cubic (FCC) lattice, the hydrogen atoms oc-

cupy the octahedral sites (Oh). There are roughly four Oh sites per unit cell,

but if a defect site occurs, this increases the number of potential binding

sites. Defect sites such as point defects, lattice vacancies and several types

of dislocations can add to the defect density of the material. Equation 3.7

considers the concentration gradient (the gradient in the chemical potential

(µ)) as the driving force for diffusion. However, the stress gradient can af-

fect this driving force, where the stresses are added to the system by defect

sites.[13, 30] This can explain the deviations in the data from the calculated
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profile based on lattice diffusion with only a chemical potential concentration

gradient driving force.[13] Further, for aluminum vacancies (≈ 1×10−11 per

lattice site) reduces the apparent diffusivity by almost a factor of 10 at room

temperature.[48] The number of vacancy sites in the stainless-steel samples

is calculated to be 5.9x1015 (Equation 1.2) Using Equation 1.5 and assuming

vacancies sites as the only source of defects in the samples (a limiting case),

the number of unfilled trap sites necessary to lower the diffusivity coefficients

in Figure 3.14 by a factor of 10 can be calculated. This number of vacancy

sites needs to exceed the total number of sites in the sample, indicating that

additional trap sites exist beyond vacancies. Other defects such as disloca-

tions, second-phases and twin boundaries and stacking faults may be present

in the metal adding to the total number of defects where tritium may reside.

These defect types are not easily to calculate from first principles and their

contribution to the calculation above is ignored. Further, additional diffu-

sion pathways, such as through grain boundaries can be ignored. These are

expected to have a small contribution to the overall movement of tritium and

grain boundary diffusion can be hindered by surface defect sites.[1]

Taking the concentration vs. depth profile from Figure 3.13 and par-

titioning into the three regions discussed earlier, the activity in each region

can be calculated and is shown in Figure 3.15. For the stainless-steel samples

exposed to DT gas for 24-h the majority of the tritium resides deep in the

metal lattice (≈59% of the total inventory). The quantity remaining in the

native oxide (30 nm) represents 16% of the total tritium inventory. While
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Figure 3.14: Tritium concentration vs depth into the metal with dashed line
showing the fit to the concentration profiles from the semi-infinite solution to
the diffusion equation. The lower curve has a diffusivity scaling (Df ) factor
of 1x and a solubility scaling (Sf ) factor of 1x. The upper dashed curve has
a diffusivity scaling (Df ) factor of 0.1x and a solubility scaling (Sf ) factor of
16x the literature mean value.

the surface water layers contain 25% of the total inventory.

A set of unmodified stainless-steel samples from the 92-h and 8-h batch

were also subjected to the etching procedure. The profiles for each batch

are compared to the 24-hour batch in Figure 3.16. Here, the dashed blue

line represents the mean of the 24-hour batch and the blue shaded region

represents the spread in the data. The profiles for all of the batches look

similar in shape, but the 8-hour samples fall lower than the 24-hour 1σ band
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Figure 3.15: Tritium distribution in the three distinct regions for the samples
exposed to tritium gas for 24 hours. The bars represent the mean value of
the activity in those regions with the standard deviation of the mean shown
as the error bars.

from about 0.1 - 1 µm. Further, the 8-hour batch crosses the mean value

of the 24-h batch. From lattice diffusion, the mean migration distances for

these two batches should differ by the square-root of time, where the 24-h

batch would have a distance ≈2x larger than the 8-hour samples. However,

the square root of time dependence is not observed in these data. The 92-

hour case is similar in shape to the 24-hour batch until 1x101 µm, where the

profile remains higher in concentration than both the 24-hour and 8-hour

batches.

The 8-hour and 24-hour samples both terminate at the same end point

of ≈ 3µm. This indicates that the penetration depth is independent of the
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Figure 3.16: Tritium concentration as a function of depth for samples after
8-hours, 24-hours and 92-hours of exposure to tritium gas. The dashed blue
line is the mean value from the 24-hour sample data set with the shaded
blue region being the spread in the individual sample. The green diamonds
represent the 92-hour samples, and the grey diamonds represent the 8-hour
samples.

loading time in these samples. This trend is unexpected and unexplained

beyond the observation of defects and trap sites reducing the effective diffu-

sivity. However, the 92-hour samples appear to penetrate further and has 2

orders of magnitude higher concentration of tritium at these depths. This

may suggest that for the long exposure times, the flux of tritons reaching this

depth is larger. It is not known if the shape of the 92-hour profile depends on

the storage time, which would indicate that more lattice diffusion occurring
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in these samples. This is likely due to the increased quantity of tritons that

are able to move through the material, filling the defect sites.
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Chapter 4

Heat Treatments of Stainless-Steel (316)

The data in Section 3.3 indicate that the transport of tritium through stainless-

steel samples at room temperature are dominated by defect sites. Thermal

annealing is a process where the samples are heated to temperatures greater

than the recrystallization temperature for a length of time before allowed to

cool at a controlled rate. Heating to these high temperatures allows for dif-

fusion of atoms inside the metal matrix to distribute towards the equilibrium

position. As the sample is slowly cooled, the sample recrystallizes without ad-

ditional stress. During manufacturing, the samples are often quenched, which

causes rapid recrystallization which may have significant stresses forming de-

fects. The recrystallization process determines the grain size of the sample,

which can be influenced by the annealing temperature and the cooling rates

of the sample. Annealing samples have been shown to reduce defects such

as dislocations and vacancies in the samples annealed above 526◦C.[23] Since

the type of defect sites that exist in the unmodified stainless-steel samples

remains unknown, three heat treatments were chosen to understand how
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tritium absorption is influenced by the thermal treatment.

4.1 Sample Specification and Loading Condi-
tions

Stress relieving is a type of heat treatment that occurs at the lowest temper-

ature of the treatments used in this work. The residual stresses in the metal

from cold-working or other manufacturing processes are able to relax at the

elevated temperatures. This type of heat-treatment is not intended to alter

the chemical or physical properties of the material since the recrystallization

temperature is not reached. Two different stress relieving techniques were

used in this work. The first was done with air inside the furnace, and the

gaseous environment was not controlled. The second attempt used a dry

nitrogen purge to reduce air-gases inside the furnace during the high tem-

perature ramping to reduce the presence of oxygen and hydrogen. These ele-

ments have reactions with stainless-steel at elevated temperatures which can

complicate the effect of the heat treatment. The two stress relief treatments

only differ in the composition of the gas surrounding the samples during

heating. There were no differences in the ramp rate, maximum temperature,

hold time or cool down rate. Recrystallization annealing occurs at tempera-

tures beyond the recrystallization temperature and results in the nucleation

of new grains. The intent of this annealing process is to reduce the num-

ber of defect grains that may exist from the manufacturing process or from
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work-hardening the sample. In this work, recrystallization annealing was

performed at 750◦C (54% of the melt temperature). At these temperatures,

no lattice transformation takes place as is the case for higher-temperature

treatments. Reducing the deformations results in a coarser grain after an-

nealing. The final treatment used in this work is a coarse grain annealing

where the samples are heated above 900◦C (65% of the melt temperature)

to reduce the surface energy by encouraging impurity diffusion out of the

grain and into the grain boundaries, and consequently increasing the grain

size. Coarse grain annealing is usually done to increase the machinability of

stainless-steel. All samples were treated with the method outlined in Section

2.1 prior to any heat treatment. The samples were annealed using a small

oven with a gaseous purge as shown in Figure 4.1.

The temperature ramp rate was controlled with a relay that was con-

trolled by an Arduino MEGA 2560 board connected to a thermocouple. Sam-

ples in groups of 8 were isochronously annealed to the temperatures defined

above. The temperature ramp-rate for all annealing experiments was chosen

to be 3◦C per minute, the dwell time at the annealing temperature was 15

hours and the cooling rate was also 3◦C per minute. A plot of the temper-

ature vs time for the three annealing types is shown in Figure 4.2. Here,

the cooling curves deviate at around 200◦C when the heater no longer turns

on to control the rate of the sample cooling. This deviation occurs at 14%

of the melt temperature and likely has no impact on the recrystallization of

the grains. After the samples were cooled, they were transferred to an inert
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Figure 4.1: Annealing experimental setup with nitrogen gas purge direction
shown. The oven is sealed with a con-flat R© and housed inside an insulated
sleeve with only the gas lines penetrating the insulation. The figure is shown
with a nitrogen purge but can be arranged for any type of gas

glovebox for storage.

The procedure described in Section 2.2 was used to expose the annealed

samples to tritium gas. The loading conditions for these samples are shown

in Table 2.1 and referred to as Batch 3. A representative sample from each

annealing experiment was precluded from the tritium exposure and used

for chemical and physical analysis of the sample. XPS scans of the sample

after a 5-minute argon ion etch revealed increased chromium oxide on the

surface of the annealed samples, compared to the unmodified stainless-steel.

Figure 4.3 shows the spectrum obtained with three species identified in the

Cr 2p2/3 shell. Compared to the USS samples, the annealed samples shift

from a metallic Cr0 peak to a mixed chromium oxide (Cr2O3) - chromium
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Figure 4.2: Heating temperature profile vs time for the three annealing treat-
ments. The linear heating rate was 3◦C per minute with a 3◦ per minute
cooling rate.

hydroxide (Cr(OH)3). For the USS samples, the metallic peak indicates that

either the oxide is thin and the majority of the ejected electrons come from

deeper inside the interaction volume (1-10 nm) or that the native oxide has

been etched away. In either case, since the etching times were the same, the

annealed samples show an increase in the chromium oxide content on the

surface. Increasing the chromium content on the surface of stainless-steel

has been observed in the literature for samples exposed to high temperatures

(T > 400◦C) with parts-per-million (ppm) oxygen with ≈ 10% H2.[29]

Further, the results of the XPS survey shown in Figure 4.4 suggest that

the annealed samples have no iron in the surface layers analyzed, while the

USS samples contained a large Fe0 contribution in the Fe 2p3/2 spectrum.
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Figure 4.3: XPS local scan of the annealed samples after 5-minutes of argon
etching. The labeled peak centroids of chromium 2p3/2 shell are given as
vertical dashed lines with the corresponding chromium state identified. The
left peaks represent identical information from the Cr 3p shell.

This suggests that the annealing procedures have modified the native oxide

on the stainless-steel by increasing the apparent chromium content in the

oxide. Because the etching time of all the analyzed samples was 5-minutes

with a 5 keV monatomic argon ion (Section 3.1), the etching depth is assumed

to be constant. The thickness of the oxide on the annealed samples is larger

than on the USS samples since only the metallic peak is observed. This

suggests that the increased oxide on the surface of the annealed samples is

mainly a mixed chromium oxide layer.

Increased chromium on the surface of stainless-steel samples has been
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Figure 4.4: XPS local scan of the annealed samples after 5-minutes of argon
etching. The right peak in the blue curve is the Fe 2p3/2 shell and the left
peak is the Fe 3p shell.

shown to reduce tritium absorption by limiting the quantity of adsorbed

water.[31] However, the layers on the annealed samples contain a mixed ox-

ide with contribution from the Cr(OH)3. The addition of potential hydrogen

sites in the mixed hydroxide layer may alter the tritium absorption barrier

reported in the literature.[31] For conformal, dense oxides the number of hy-

drogen binding sites is related to the solubility of the material. For non-dense

oxides, such as the chromium hydroxide formed from the annealing process,

the additional hydrogen species to the lattice each act as an additional tri-

tium exchange site, reducing the effectiveness of the oxide to reduce tritium

uptake compared to a dense film.[11]
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4.2 Tritium Measurements

The quantity of tritium in the adsorbed water layers was measured with

the zinc chloride technique for the annealed samples. The total quantity of

tritium (mCi) for each annealing treatment is shown in Figure 4.5. Each

sample is represented by a single bar in the figure with the corresponding

experimental error and grouped by annealing treatment. Each treatment

is represented by a different color that is consistent across all subsequent

figures. The mean surface activity of each group is shown as the horizontal

dashed line with ±1 standard deviation of the mean (σ) shown as the shaded

region above and below the mean. The mean surface inventory for the USS

samples exposed to tritium gas for 24-hours is shown as the dashed line with

±1 standard deviation of the mean (σ) shown as the shaded region above

and below the mean that runs the entire length of the figure.

The surface activity of all annealed samples was found to be smaller than

the USS value of 1.28 (± 0.33) mCi determined in Section 3.3. For the second

stress relief treatment, the surface inventory was 0.61 (± 0.28) mCi while the

mean surface activity in the first stress relief treatment was determined to

be 0.69 (± 0.12) mCi. Within experimental error, the two cases show no

statistical difference since they overlap in the 1σ band. The coarse and

recrystallization annealing attempts reduced tritium absorption to 0.4 (±

0.04) mCi and 0.51 (± 0.11) mCi respectively. Since the error bars of all the

annealing attempts overlap in the 1σ band, the average surface activity of
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Figure 4.5: Surface activity (mCi) of the annealed samples after exposure to
tritium. The individual error bars represent experimental error determined
for each sample. The dashed line represents the mean value of the mean
surface activity with plus and minus one standard-deviation of the mean
showed as the shaded region for the unmodified stainless-steel samples.

all annealing attempts is 0.56 (± 0.18) mCi. This is a reduction factor of

≈44% compared to the USS samples. The reduction can be attributed to the

increased chromium content in the oxide, which has shown to reduce tritium

absorption in stainless-steel.[31]

The total activity in the annealed samples and the USS samples is shown

in Figure 4.6. Each sample is represented by a single bar in the figure with the

corresponding experimental error and grouped by annealing treatment. The

mean total activity of each group is shown as the horizontal dashed line with
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±1 standard deviation of the mean (σ) shown as the shaded region above

and below the mean. The mean total activity for the USS samples exposed

to tritium gas for 24-hours is shown as the dashed line with ±1 standard

deviation of the mean (σ) shown as the shaded region above and below the

mean that runs the entire length of the figure. For the second stress relief

treatment, the total inventory was 2.2 (± 0.43) mCi while the mean total

activity in the first stress relief treatment was determined to be 2.08 (± 0.38)

mCi. The coarse and recrystallization annealing attempts reduced the total

tritium absorption to 1.95 (± 1.23) mCi and 1.91 (± 0.7) mCi respectively.

Since the error bars of all the annealing attempts overlap in the 1σ band, the

average total activity of all annealing attempts is 2.04 (± 0.72) mCi. The

total activity of all annealed samples was less than the USS value of 4.9 (±

0.43) mCi determined in Section 3.3. This is a reduction factor of ≈42%

compared to the USS samples.

Using the acid etching technique (Section 2.3.3) the tritium concentration

at various distances into the samples was measured. Figure 4.7 shows the

results of the acid etching experiments for the annealed samples and USS

samples. The annealed samples do not follow the same profile shape as

the USS samples. The tritium concentrations for the annealed samples is

significantly lower than the USS samples in the region from 1x10−1µm to

1µm. This is consistent with the total tritium absorption measurements

where the total activity is reduced compared to the USS samples.

Further, the profiles for the annealed stainless-steel samples crosses the
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Figure 4.6: Total activity (mCi) of the annealed samples after exposure to
tritium. The individual error bars represent experimental error determined
for each sample. The dashed line represents the mean value of the mean total
activity with ± 1 standard-deviation (σ) of the mean shown as the shaded
region for the unmodified stainless-steel samples.

USS profile at 3µm with the annealed profiles remaining higher in concentra-

tion by 2 orders of magnitude. One large difference in the annealed samples

occurs in the stress #1 sample where the profile continues to drop after

≈6µm. The reason the concentration profile for this sample drops at this

point is not understood. The calculated concentration profile for the an-

nealed stainless-steel using the semi-infinite solution to the diffusion equation

(Equation 3.7) is shown in Figure 4.8.

The calculated profile used a solubility scaling factor (Sf ) of 0.5x and
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Figure 4.7: Tritium concentration as a function of depth for annealed sam-
ples after 24-hours of exposure to tritium gas. The dashed blue line is the
mean value from the 24-hour sample data set with the shaded blue region
being the spread in the individual samples. Colored diamonds represent the
concentration profile for the annealed samples

a diffusivity scaling factor (Df ) of 1x the mean literature value to match

the annealed profiles. The diffusivity scaling factor of 1x indicates that the

expected diffusivity of tritium in the annealed samples is recovered. Further,

the solubility scaling of 0.5x indicates that the solubility has been reduced in

the annealed samples. For the annealed samples, the solubility is decreased

by a factor of 32x compared to the USS samples. This indicates that the

effective diffusion (Equation 1.5) has been reduced to that of the expected

lattice diffusivity. This, coupled with the reduced solubility value of the

annealed samples suggests that the number of defect sites has been reduced
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Figure 4.8: Semi-log plot of the tritium concentration profiles for the an-
nealed stainless-steel samples. The dashed-black line is the calculated con-
centration profile using the semi-infinite solution to the diffusion equation
with a diffusivity scaling (Df ) factor of 1x and a solubility scaling (Sf ) factor
of 0.5x.

in the annealed samples. The number of trap sites in the annealed samples is

unknown since the concentration profile has not been measured at different

storage times for these samples. The suppression of tritium in the near

surface (1x10−2 µm - 1 µm) is likely due to the decrease in the defect density

from the thermal annealing. Reducing the number of defects reduces the

apparent solubility of the material. This allows the flux of tritium migrating

through the sample to penetrate further into the metal bulk compared to

the USS samples. The high apparent solubility reduces the flux of tritons by
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trapping at the high-energy defect sites. The partitioning of the annealed

stainless-steel samples is shown in Figure 4.9. Here, the oxide of the USS

and annealed samples is assumed to be 30 nm. The remainder of the tritium

is grouped into the metal bulk for the determination of the partitioning in

both the annealed and USS samples.

Figure 4.9: Tritium distribution in the three distinct regions for the annealed
samples exposed to tritium gas for 24 hours compared to the unmodified
stainless-steel samples with identical exposure conditions. The bars represent
the mean value of the activity in those regions with the standard deviation
of the mean shown as the error bars.

The distribution of tritium in the three regions in the annealed stainless-

steel samples is reduced for all three regions compared to the USS samples.

Table 4.1 shows the relative percent each of the three regions makes to the
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total inventory. The reduction of the bulk percentage in the annealed samples

is what drives the reduction in the total tritium inventory.

Table 4.1: Fraction of the total in each of the three distinct regions of
stainless-steel after a 24-h exposure

Sample Surface (%) Oxide (%) Bulk (%)
USS 26 16 57

Stress#1 32 21 47
Stress#2 41 27 32
Coarse 41 20 40

Recrystal 40 30 30

While the heat treatments seem to reduce the number of defects in the

sample, the observation that the heat treatments had the same effect is not

understood. The temperatures of the annealing attempts varied greatly, and

were intended to induce different metallurgical effects. A detailed analysis of

the grain and surface features, such as the one presented in Section 3.1 for

the USS samples is needed for these annealed samples. This may elucidate

some of the subtleties that are not able to be made with XPS. However,

moderate heating of stainless-steel to reduce tritium absorption by ≈45%

is viable path to reduce tritium emissions from fusion power plants. More

data is needed on the mechanical properties of these samples to ensure the

structural integrity of the stainless-steel is viable to be used as a construction

material. However, annealing stainless-steel process tubing is a path that

may reduce tritium waste from tritium handling systems.
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Chapter 5

Summary and Future Work

5.1 Summary

The goal of this work was to measure tritium absorption in stainless-steel

to understand the mechanism in which tritium contaminates surfaces. To

accomplish this goal, stainless-steel samples were exposed to tritium gas for

various lengths of time to measure tritium absorption in the bare material.

From this work, it has been concluded that tritium decorates three distinct

regions of unmodified stainless-steel (type 316). The surface adsorbed water

layers, the metal oxide and the metal bulk lattice where each comprises 25%,

16% and 59% of the total inventory respectively after exposure to tritium

gas for 24-hours. For the experimental conditions used, the surface adsorbed

water layers develop a steady-sate concentration of tritium within 30 minutes

of exposure to tritium gas. The rapid adsorption of tritium on the surface is

enhanced by β-scrambling of the surface, increasing the apparent isotopic ex-

change rate. This is an intrinsic phenomena for tritium that is not observed
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in hydrogen and deuterium studies. The movement of tritium from the ad-

sorbed water layers into the metal bulk is driven by the solubility ratio due to

the fixed free energy across the interface. The tritium concentration vs depth

profile is not predicted well with lattice diffusion theory. The contribution

of defect sites in the near surface dominates the profile. The concentration

profile does not vary noticeably with exposure time, suggesting that defect

sites are playing a large role in the shape of the concentration profile.

Annealing treatments were done to reduce the defect site density in the

stainless-steel substrates. This lead to a reduction of 45% in the total tri-

tium absorption compared to untreated stainless-steel. This indicates that

reducing the number of defects in the substrate is a way to reduce tritium

retention by the sample. Further, the apparent solubility for the annealed

samples was reduced compared to unmodified stainless steel and the effective

diffusivity was found to be the same as the lattice diffusivity value. Simply

heating the samples at moderate temperatures for protracted periods of time

can reduce tritium absorption by almost a factor of 2. The treatment devel-

ops a chromium oxide scale on the surface of the samples that may aid in

the reduction of tritium adsorption.

5.2 Future Work

While the experimental results and understating gained from the analysis

presented in this work represents a contribution to the field, more work is
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required to further the understanding and to improve the reduction factors.

The experiments conducted here have opened up several questions. One such

question focuses on the possibility of enhanced isotopic exchange rate that is

catalyzed by the tritium decay betas. While no systematic experiments have

been conducted to test this phenomenon independently, a set of experiments

which focus on the formation of protium species in the gas phase can be

postulated. Here, DT gas (with no protium) of a known ratio is placed

inside a high-surface area vessel with the surface area well known. The gas

is periodically tested for formation of any protium containing species, which

can only come from isotopic exchange with the surface of the stainless-steel

vessel. Since the beta-flux only depends on the partial pressure of tritium, the

quantity of protium species formed in the gas phase should be proportional

to the exposure time. This experiment can be conducted at the LLE using

the gas chromatography instrument and a small quantity of DT gas.

Another set of experiments should focus both on shorter and longer ex-

posure times to see how the solubility ratio develops. This is a way to add

to the data set to further establish the trends in the data set. The samples

are controlled from pre-cleaning until they are exposed to DT gas, however,

variability in the measurements still exist that are not explained. Finding

the source of this variability will provide more confidence in the measured

quantities of tritium. There is room in the experimental procedures, such as

handling the samples more consistently immediately before a tritium mea-

surement is made. This may help to reduce the variability observed in this
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work.

Further, more samples should be annealed to understand what is driving

the reduction in tritium absorption and to discern why all of the annealed

samples showed approximately the same quantity of tritium. The develop-

ment of the chromium oxide during the high-temperature treatments should

be investigated. Understanding this mechanism may help to control the rel-

ative ratio of Cr2O3 and Cr(OH)3 to reduce tritium absorption further, by

reducing the number of hydrogen binding sites in the oxide.

Finally, the modifications presented here are limited to heat treatments of

stainless-steel substrates. However, other modifications such as thin coatings

have shown promise to reduce tritium uptake.[11] An experimental platform

to deposit thin, dense layers of alumina on stainless-steel samples has been

partially developed at the LLE. Here, the stainless-steel samples are coated

using atomic layer deposition (ALD) at elevated temperatures, and are ca-

pable of being transferred in an inert atmosphere glovebox. The success of

the thin films mentioned earlier was limited by the upper temperature of

the ALD system used at the time. However, the tritium reduction factors

for these thermally deposited ALD alumina films is expected to correlate

with the deposition temperature. It will be exciting to see how this project

continues in the future using the system.
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