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Abstract:
Since titanium alloys are being studied for aerospace usage, the hydrogen absorption characteristics of
the alloys must be known. Using titanium metal as a baseline, elastic recoil detection analysis (ERDA)
was chosen to measure the hydrogen concentration profile. ERDA allowed for the measurement of both
the surface and bulk concentrations of hydrogen with the same experimental equipment, rather than
previous methods which required that the two sets of experimental equipment be calibrated with
respect to each other. The results allowed for the determination of surface and bulk concentrations of
hydrogen as a function of exposure time. ERDA was concluded as being a useful technique for
measuring the hydrogen uptake properties of metals. 
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ABSTRACT

Since titanium alloys are being studied for aerospace usage, the hydrogen absorp­
tion characteristics of the alloys must be known. Using titanium metal as a baseline, 
elastic recoil detection analysis (ERDA) was chosen to measure the hydrogen concentra­
tion profile. ERDA allowed for the measurement of both the surface and bulk concentra­
tions of hydrogen with the same experimental equipment, rather than previous methods 
which required that the two sets of experimental equipment be calibrated with respect to 
each other. The results allowed for the determination of surface and bulk concentrations 
of hydrogen as a function of exposure time. ERDA was concluded as being a useful 
technique for measuring the hydrogen uptake properties of metals.
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1.0 INTRODUCTION

Hydrogen absorption by metals has been an ongoing field of investigation for 

nearly twenty years. Early investigations focused on hydrogen storage techniques, using 

the metal as a reservoir for the hydrogen. Later, the investigations were geared toward 

the problem presented by hydrogen embrittlement of materials, especially those materials 

intended for aerospace applications.

In the case of the national aerospace plane (NASP), the focus has been upon the 

embrittlement problem. The aerospace plane was intended to be primarily fueled by hy­

drogen. The weight and strength of materials focused design efforts toward titanium 

based alloys. Unfortunately, titanium readily absorbs hydrogen, so understanding the 

characteristics of the absorption and the resulting embrittlement is essential toward using 

titanium alloys and other materials. In the extreme conditions of flight, there are ex­

pected to be thermal conditions which will take materials from cryogenic temperatures to 

extremely high temperatures in very rapid succession or leave the material at the extremes 

for long duration. The flight mechanical characteristics for the material must include the 

ability to withstand high pressure loads and extreme acoustic loads.1 Any degrading of 

the titanium alloys by hydrogen would have disastrous effects.

Hydrogen can degrade materials through a number of interactions. On the sur­

face, the hydrogen can be adsorbed to form a hydride. In the bulk, the hydrogen may 

move into the material forming bonds that lead to hydrides, dislocate substrate atoms that
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reduce the material’s structural integrity, or form pockets of hydrogen gas.1 Conse­

quently, material interactions with hydrogen fall into two categories: (I) surface interac­

tions, and (2) bulk interactions.

The techniques that have been previously used for the study of hydrogen uptake 

by materials focus on measurement of either of these two areas. The surface adsorption 

has been measured using photoemission2. The bulk uptake has been measured using re­

sistivity techniques2 and by quartz crystal microbalance (QCM).3 Both types of experi­

mental techniques are successful in their own right, but to get the entire range of data of 

both surface and bulk interactions requires that the two types of experiments must be 

calibrated with respect to each other. Clearly, there should be an advantage to simultane­

ously measuring both bulk and surface concentrations of hydrogen with one technique.

This work represents a baseline set of experiments to demonstrate an experimental 

technique that will measure both surface and bulk hydrogen content simultaneously. 

Elastic recoil detection analysis (ERDA) was used to demonstrate measurements of hy­

drogen uptake in titanium. The advantage of ERDA is that it can be used to probe deeply 

into the sample, thus showing concentrations as a function of depth. Subsequently, the 

kinetics of the uptake interactions can be more easily understood.

Section 2, of this work, describes the experimental apparatus used for the hydro­

gen exposure experiments. The basic theory of the measurement techniques is detailed in 

Section 3. A model for data analysis is presented in Section 4. Section 5 presents the ex­

perimental results. Lastly, discussion of the results and concluding remarks appear in

Section 6.
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2. EXPERIMENTAL EQUIPMENT

2.1 UHV Chamber

The UHV (Ultra High Vacuum) Chamber, as pictured in figure 2.1.1, was the 

primary experimental apparatus. It was connected by way of a differentially pumped 

beam line to the 2 MV Van de Graaff accelerator. The chamber contained pumping 

systems capable of vacuum pressures of IO'10 Torr after appropriate chamber baking. The 

UTI mass spectrometer was used for determining relative residual gas concentrations.

The sputter gun was used for sample cleaning. The Auger spectrometer determined the 

surface characteristics. Also, two detectors were used for ion beam measurements. The 

gas system provided either argon gas for sample cleaning, or hydrogen gas for exposure 

experiments. The sample location within the chamber was controlled by a Varian 3 axis- 

goniometer, attached to a sample holder specifically designed for holding thick metal 

samples.

The pumping apparatus dominated the vacuum system. A mechanical roughing 

pump brought the chamber pressure down to tens of microns Of Hg. A turbo pump, 

placed in line with the roughing pump, provided pressures down to IO"7 Torr prior to 

baking; furthermore, it provided a method of keeping gas cycling in the chamber during 

sample cleaning and hydrogen exposure. The ion pump allowed pressures to IO"9 Torr, 

after chamber baking. A gate valve, closed during argon and hydrogen exposures,
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prevented ion pump contamination during hydrogen exposure. Lastly, titanium 

sublimation provided pumping since titanium adsorbed gasses such as hydrogen; 

appropriate deposition of titanium on chamber walls provided means to attain IO"10 Torr.

The UTI mass spectrometer allowed for the determination of the components of 

residual gas in the chamber. It was useful for determining the source of a leak. For 

example, when one of the leak valves was not properly closed, argon gas was present in 

the chamber preventing pressures from reaching IO"10 Torr. Using the UTI helped isolate 

the source of the leak, which led to quick corrective measures. The UTI was also used to 

verify the purity of the gas sources. For instance, if either the argon or the hydrogen gas 

were contaminated with water, introduction of the gas in the chamber would defeat the 

efforts of baking.

Once UHV had been achieved, contaminants were present on the sample in the 

form of organic material and oxides. These materials needed to be removed from the 

sample surface so that the surface characteristics would be well defined. All the 

contaminants previously mentioned could be removed by heating to temperatures higher 

than 600°C; however, at these temperatures, sulfur would diffuse out of the bulk of the 

sample onto the surface. Such a situation left undesirable surface conditions, so the sulfur 

had to be removed. Removal could have been accomplished by heating the sample to the 

sulfur sublimation point, but, since a titanium phase change exists at a lower temperature, 

excessive heating was avoided. The removal of sulfur was accomplished using a 2kV 

sputter gun, which ionized argon gas and accelerated it toward the sample surface, 

knocking off the surface contaminants as a result of collision. Since the sulfur did not
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bind tightly to the surface, one hour of sputtering at a microampere per square centimeter 

of sample current was sufficient to remove sulfur.

The characteristics of the sample surface were determined by Auger Electron 

Spectroscopy (AES). Section 3.1 details the theory of AES. Surface characteristics could 

have been determined throughout the exposure series, but in the interest of maximizing 

usable concentration data, the AES measurements were confined to the beginning and the 

end of an exposure series. Once surface characteristics were sufficiently determined to 

begin an exposure, the AES electronics were shut off to avoid noise in the solid state 

detectors used for the ion beam experiments.

Two solid state detectors were present in the chamber. The first used a rotating 

axis, providing the ability to detect reflected particles at-any azimuthal direction. It was 

typically fixed at a scattering angle of 155 degrees, the best possible angle for Rutherford 

Back Scattering that determined the incident beam energy (see Section 3.2). The second 

detector used a fixed mount at a scattering angle of 25 degrees, representing a good 

scattering angle for the forward scattering technique of ERDA, detailed in Section 3.2.

A two-line gas system allowed for the separate use of two different gases, 

eliminating the possibility of contamination of one gas line with differing gases. Each 

gas line had its own shut-off valve,, regulator, and leak valve; both lines had valves which 

could be opened for pumping the lines clean with the turbo pump. Periodically, the lines 

were evacuated and heated to insure contaminant-free gasses. When not in use, the lines 

typically had higher than atmospheric pressure of gas to prevent atmospheric contaminant 

gases from entering the system.
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Attached to a Varian 3-axis goniometer, a new sample holder was built to handle 

thick, approximately I millimeter, samples (see Figure 2.1.2). Heating the sample was 

accomplished by electron beam heating, where the sample was put at a high potential and 

the filament generated thermionic electrons. Careful control of the filament current 

allowed very precise control of the sample temperature, which was measured using a 

thermocouple attached to the rear surface of the sample. Temperatures were kept below 

750°C to avoid a phase transition of the titanium samples.

Overall, the UHV chamber allowed precise control of experimental conditions, 

minimizing contaminants. Once ultra-high vacuum conditions were established, 

hydrogen uptake experiments could be performed using a variety of surface conditions; 

consequently, UHV became essential to measure any significant uptake.
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Figure 2.1.1

Schematic of UHV chamber.

(I) The sample, (2) the Auger cylindrical mirror analyzer, (3) ion beam path from accel­

erator, (4) movable solid state detector for RBS, (5) fixed solid state detector for ERDA, 

(6) gas system, (7) UTI mass spectrometer, (8) connection to pumps.
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Filament

Upper Jaws

Sample

Lower Jaws

Front ViewSide View

Figure 2.1.2

Schematic of sample holder designed for thick, approximately 1mm, samples.

Note that sample heating is accomplished by electron beam heating. The jaws are made

of tantalum. The frame is made of aluminum.
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2.2 The Van de Graaff Accelerator

The Van de Graaff accelerator provided a source of alpha particles (helium ions) 

which were used for the ion beam techniques detailed in Section 3.2. The Van de Graaff 

operates on the principle of static charge separation, where one end of the accelerator is 

positively charged, the source end. Positive ions were, created at the source end, forcing 

them to accelerate away from the positively charged end. The ions, once leaving the front 

of the accelerator, entered a bending magnet that allowed ions to be separated by kinetic 

energy. The magnetic field could be controlled to specifically bring the singly ionized 

helium down the beam line to the UHV chamber and sample.

Setting up the high potential was accomplished by a belt transporting electrons 

away from the terminal end of the accelerator apparatus. A simplified picture of a typical 

Van de Graaff generator (see Figure 2.2.1) proved useful for understanding the principle 

of operation. The belt was set into rapid rotation. The positively charged source point 

removed electrons from the belt which in turn removed electrons from the metal dome. 

Moving electrons to the front of the accelerator, in this manor, allowed for a very large 

potential difference to exist. Though some accelerators have potentials up to 20 million 

volts, this Van de Graaff was limited to a potential of 1.9 million volts. A controlled 

discharge, known as corona discharge, near the dome (not shown) allowed for precise 

control of accelerator voltage.

If an ionized particle, with charge Ze, was introduced in the interior of the charged
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dome, it would move along the electric field generated by the large potential difference. 

The resulting particle had kinetic energy

E0 = ZeA(I) (2.2.1)

at the end of the accelerator. By allowing the ion to pass through the end of the accelera­

tor, a usable source of ions at a kinetic energy as specified by equation 2.2.1 was 

available.

Unfortunately, because of ionization of residual gases along the acceleration 

column, many accelerated species were present at the front with varying kinetic energies 

based upon their level of ionization. Singling out a specific ion species at a particular 

kinetic energy was accomplished with a bending magnet. Any charged particle that enters 

a magnetic field with a momentump±=(2mEo)m, perpendicular to the field, will move in 

a circular path of radius

r = ^ -
IZIeH (2.2,2)

where H  represents the magnetic field strength, determined by current flowing through 

the magnet coils. Thus, the desired particle of charge Ze and mass m could be delivered 

down the beam line at the desired energy, Eq.
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Charge
Source

++++++++++++++++

Dome

Figure 2.2.1

Schematic diagram of Van de Graaff Generator.

Note that the charge source strips electrons from the belt thereby giving a net positive 

charge at the dome or terminal end. A beam line may be placed along the axis of the 

generator, allowing positively charged ions to be accelerated out the front end.
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3. THEORY OF EXPERIMENTAL TECHNIQUES 

3.1 AES

Auger Electron Spectroscopy (AES), was used to determine the characteristics of 

the metal surface with respect to the presence and relative concentrations of contami­

nants. The Auger process is the particle counterpart of fluorescence, since multiple 

electron atoms can drop an electron down to a lower energy state by freeing another 

electron instead of emitting a photon. In fact, the Auger decay occurs with higher 

probability than fluorescence as the number of electrons increases. Thus, the Auger 

process became a fundamental quantum mechanical process. .

Typically, the AES apparatus and data acquisition was straightforward. An 

election gun ionized the atom, leaving an unoccupied energy state. An analyzer detected 

the released Auger electron and measured its energy. The analyzer, used for the equip­

ment detailed in Section 2.1, was a cylindrical mirror analyzer (CMA). The CMA 

operated by selecting an energy for detection and would give a signal based upon the 

number of electrons incident upon it. By changing the potential on the outer cylinder of 

the CMA, electrons of corresponding energies were passed to the detector, resulting in an 

Auger spectrum of intensity as a function of energy [for details of the AES apparatus 

reference Schaus and Smith4 or the AES manual5].

The basic principles governing the Auger process require that a single electron 

bound state of an atom be empty. The empty state could be created by any number of
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processes, but a common method is by knocking the electron out of the atom by another 

high energy electron. Once the electron had been knocked out of the atom, there remains 

a vacancy at the energy level, leaving the atom in an exited energy state (see Figure

3.1.1a). The atom can return to a lower energy state by dropping an electron to the empty 

state. However, quantum mechanical conservation laws demand that the energy lost by 

the decaying electron must be gained by another particle. Fluorescence conserves the 

energy by creation of a photon, but Auger emission conserves the energy by transferring it 

to another electron, thereby raising it to an even more exited state or freeing it from the 

atom (see Figure 3.1.1b).

Since the energy states for an element were characteristic to each element, the 

Auger electrons will be characteristic to the element emitting the electron. The charac­

teristic Auger energies, as presented in Table 3.1.1, depend upon the electron shell of all 

three electrons involved in the process. Consequently, the KLL Auger process signified 

an empty K shell being filled by an L shell electron causing the liberation of another L 

shell electron.

AES energies could be specified by an empirical expression:

Ez,abc —  Ez,a ~ E zb  "  E  Z,c -~ [E z + l,c  "  Ez,c +  Ez+l,b~ E  Z b ]
(3.1.1)

with Z representing the atomic number and a, b, and c describing the process, such as 

KLL.4 Unfortunately, there exists no analytical formula which gives the resulting Auger 

energies, since the quantum mechanical representation of the matrix element for multiple 

electron interactions within an atom requires an analytic representation bf a multiple
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electron atom that has not been done to date.

Once an Auger spectrum had been taken, the relative intensities of the spectral 

lines corresponding to the individual elements could be compared to find relative concen­

trations of those elements on the surface. The relative concentration of an element,

defined by

h/sz (3.1.2)

with I  being the intensity of a spectral line and S being the sensitivity factor of the same 

line (see Table 3.1.2 for sensitivity factors of interest), determined the characteristics of a

surface.
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Figure 3.1.1 

The Auger Process.

Atom in excited energy state (a) will decay to a less excited state (b) by emitting an elec­

tron. Conservation of energy requires that the emitted electron’s energy be increased by 

the amount of energy lost by the decaying electron. Measurement of the energies of 

Auger electrons will provide a signature of the element which emitted the electron.



Element and Auger Transition Process Auger Energy (eV)

Titanium, MNN, LMM, LMM 40,390,410

Carbon, KLL 270

Oxygen, KLL 510

Sulfur, LMM 150

Table 3.1.1

Auger energies for selected elements and transition processes.5
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Element and Transition Process Sensitivity factor

Titanium, LMM .45

Sulfur, LMM .8

Carbon, KLL .16

Oxygen, KLL .5

Table 3.1.2

Auger sensitivityCfactors for selected elements and transition processes.4
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3.2 ERDA

Elastic Recoil Detection Analysis (ERDA), also known as Forward Recoil Spec­

troscopy (FRS), is a method by which the concentration of an element within a sample 

may be measured by bombarding the sample with a heavier element of known kinetic en­

ergy. For detection of hydrogen in metals, the obvious choice for the heavier element is 

helium. The collisions involved in ERDA are between charged nuclei, so the cross sec­

tions are on the order of I barn, IO"24 cm2. Collisions with the electrons present in the 

sample occur, but the energy and momentum lost in each interaction is small allowing all 

such interactions to be represented by a stopping rate, energy loss per unit length, for the 

material that the ion passes. A careful analysis of the collision of the nuclei, using clas­

sical physics, leads to a good overview of theoretical considerations involved in ERDA.

Analysis of a classical collision, see Figure 3.2.1 , gives the characteristics neces­

sary for determining parameters to interpret an ERDA spectrum. The collision is consid­

ered a completely elastic event between the nuclei of the participant atoms, ignoring the 

effects of electrons in the interaction. The equations for evaluating the kinematics of the 

collision are

E0 + E 1= E 2 + E 3, (3.2.1)

from conservation of energy, and the two equations,

(2moEo)^ + (2m,E j '"  = c o s ^  + ( Z ^ E ,) '" cosO, (3.2.2)

and
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(Im2E2)V2 sinQ2 + (Im2E2)1/2 sin03 = 0, (3.2.3)

from conservation of linear momentum. By fixing Q2 as the known scattering angle, and 

noting that the kinetic energy of the target, E1, is zero, the above equations may be 

solved for the energy of the particle moving along the known scattering angle, where a 

detector may be located. So the energy at the detector is given by

Assuming that there is no mass transfer in the collision, which is reasonable for a classi­

dent particle, or m, of the target particle.

There are two important cases for equation 3.2.4. If m2 = ml , then the energy of

the incident helium nuclei can be determined by elastically scattering it off the metal nu­

clei through a large angle Q2. Also, the first case determines the energy of forward scat­

tered helium, by small Q2, when colliding with the metal nuclei. Secondly, if m2 = ra0, 

then the energy of the forward scattered hydrogen nuclei can be determined from equation

In the first case, where m2 =ml = M (M  being the mass of the metal nuclei) and

cal collision involving atomic nuclei, the masses m2 and m2 are either m0 of the inci­

3.2.4.

m2 =m0, equation 3.2.4 reduces to
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(m 2 -  ml sin2 02)V2
2

+ W0 COS02
(3.2.5)

m0 +M

where the quantity multiplying E0 is the kinematic factor, K , for Rutherford Back-

scattering Spectroscopy (RBS).6 RBS is the method used to determine the incident en­

ergy of the helium beam. Using the mass of the metal nuclei making up the sample, M , 

and the mass of incident helium nuclei, m0 , RBS allows determination of the incident 

energy through the relation

Figure 3.2.2 shows a typical RBS spectrum. The forward edge of the spectrum (a) 

represents the classically scattered helium atom leaving the surface of the material. Typi­

cally, RBS was done at a scattering angle, O2 —155°, giving a kinematic factor of 

TC = 0.7172 for a titanium sample.

Furthermore, the first case allows determination of the forward scattered helium 

energy at angle O2 = 25° with respect to the detector. Subsequently, the helium atom 

which scatters elastically off the titanium surface has energy, E2 = 0.9848£’0, creating a 

problem that will be specified below.

The second case, where m3 = mQ and m2 =Zn1 (Zn1 being the mass of the forward 

scattered hydrogen atom), reduces equation 3.2.4 to

E0 =E2 I K (3.2.6)

(3.2.7)



21

where the quantity in square brackets is the kinematic factor, k , for ERDA. Note that the 

squared cosine makes the best angles of choice to be small. The scattering angle will be 

further optimized for the scattering cross-section, as shown below.

By comparison, the energy of a scattered helium atom at the detector, as detailed 

above at O2 = 25°, is Elie = 0.9848£0 and the energy of the hydrogen atom forward 

scattered to the detector, given by equation 3.2.7 at the same angle, is Ea = 0.5251E0. 

Clearly, the classical scattering event would be adequate for distinguishing hydrogen 

from helium, based upon the particle energies, but in both cases, the energy measured at 

the detector is decreased depending upon the depth of the scattering event within the 

material. The scattered nuclei will lose energy from the multiple collisions with electrons 

in the material. Unfortunately, this will cause the spectrum for both hydrogen and/helium 

to be spread from zero energy up to the energy of the surface collision, giving overlapping 

energy spectra and effectively burying the hydrogen spectrum within the helium spec­

trum.

Using the knowledge of the stopping power, it is possible to remove the helium 

background spectrum from the hydrogen signal. Building a classical model of the multi­

ple scattering interactions has little practical value; experimental data of the energy loss 

of particles with well defined energies passing through materials are used to provide a 

best fit function of energy loss known as the stopping power.7 Figure 3.2.3 shows the 

stopping powers for hydrogen and helium within aluminum. Note that for higher energies 

the helium stopping function is greater than that for hydrogen. Consequently, an.
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aluminum stopper foil of 8 micrometers may be used to stop helium nuclei from reaching 

the detector. The hydrogen energy is also decreased, but the particle is not stopped by the 

foil.

Working backward from the detector, since the energy of the hydrogen is meas­

ured, the analysis of the ERDA spectra may begin. Analysis begins at the stopper foil 

(see Figure 3.2.4). The detector measures the energy of the incoming hydrogen nuclei, 

Eh . The energy for the hydrogen is

Eh = Eout -  AEs (Eout ) , (3.2.8)

where AEs (Eoyr) is the energy loss due to the stopper foil as a function of energy, and 

Eout is the energy of hydrogen leaving the sample.

Unfortunately, the stopper foil also decreases the resolution of the energy meas- - 

urement.' Suppose that a collection of protons enter the stopper foil with energy Eout .

The measured energies of the hydrogen nuclei entering the detector will have a distribu­

tion of energies. The loss of energy resolution is known as straggling. References8’9 pre­

sent a good theoretical development of straggling effects. In essence, the protons moving 

through the material along different trajectories encounter non-stationary electrons and 

target nuclei, and through the collision process, the nuclei lose energy depending upon the 

impact parameters of the collisions. The variance of the energy, straggling, takes the 

form

8(AES) = 2(2 In 2)m Z1 e2 ̂ AkNZJ , (3.2.9)
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where t is the thickness of the foil, and N  is the number density of target atoms in the 

foil.

Now, moving backward along the particle trajectoiy in Figure 3.2.4, the next item 

for characterization is the energy of the hydrogen leaving the sample, Eout. The energy of 

the hydrogen leaving the sample has a maximum value defined by the elastic collision 

occurring at the surface, EMAXmt = 0.5251Eq . Consequently, the energies associated with

hydrogen originating from beneath the surface will depend upon the stopping power of 

the sample. Since the hydrogen loses energy coming out of the sample, it is reasonable to 

assume that the incident helium will also lose energy going into the sample. By combin­

ing this into a single energy loss term, then

EOUT=kE0-[S ]x , (3.2.10)

where x is the depth of the collision and [5] is the stopping power associated with the 

material: The stopping power [5] has two contributions. The first contribution will be 

the energy lost by the helium nuclei prior to the collision, and the second will be the en­

ergy lost by the hydrogen after the collision. So, the stopping power is given by

[S] = - ^ 2- + - - ^ ---- (3.2.11)sm a sm(02 -  a)

where S1 is the stopping power of helium in the material and S2 is the stopping power for 

hydrogen in the material. By assuming that the energy lost is small, as a first approxima­

tion, then the stopping powers can be evaluated at the surface energies. The stopping 

power of helium may be written as a function
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% = % (E .), (3.2.12)

and the stopping power of hydrogen may be written as a function

% = S z(^o r). (3.2.13)

Again the stopping power for the material adds to the energy resolution error for 

the system; however, most of the effects are considerably less than that of the stopping 

foil so for the deepest portion of the sample, 1000 A, the stopping foil straggling is still an 

order of magnitude larger than the straggling associated with the sample.

Finally, the energy measured at the detector as a function of depth may be stated 

as

Eh = kE0 -A E s -  [5]x, . (3.2.14)

where the kinematic factor, k is defined by equation 3.2.7, the energy loss due to the 

stopper foil is a tabulated value, and the stopping power of the sample is defined by 

equation 3.2.12-13. By solving for x, the depth as a function of energy determined at the 

detector is found.

The solid state detector used for the ERDA experiment registers counts in a par­

ticular channel. The counts are the number of incoming hydrogen atoms knocked out of 

the sample. The yield, number of counts per channel, of hydrogen at the detector is

Y=QCl(PSx)O ' (3.2.15)

where Q is the number of helium atoms hitting the surface (found through charge inte-
)

gration), Cl is the solid angle of the detector, O is the scattering cross-section for the 

collision, and ( pdx) is the number of hydrogen atoms per unit area in a slab of thickness,
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Sx at depth x  Thus equation 3.2.15 may be rewritten as

p(x)8x -  — . (3.2.16)
OQ e

Since Y is the yield per channel, N(E) is defined as the yield per keV, and the factor SE 

is introduced as the energy per channel. The differentials may be grouped together, and 

their quotient may be defined as some generalized stopping power, being an energy loss 

per unit length. The generalized stopping power is [S]/0.63 (see Saleh10 for a detailed 

derivation), where [S] is the stopping power of the material. The 0.63 comes from the 

straggling effects of the stopper foil and is dependent upon the thickness and composition 

of the foil (aluminum foil of 8 /I m in this case). Thus the density of hydrogen within the 

sample is

= Njsm
0.630(2(7

(3.2.17)

Together with equation 3.2.14, equation 3.2.17 allows the analysis of an ERDA spectra. 

A hydrogen concentration versus depth profile may be made. The only issue that needs 

additional comment is the collision cross-section.

The helium collision with hydrogen may be viewed as classical. Thus as a first 

approximation the cross-section may be equated to the Rutherford cross-section; how­

ever, because helium nuclei kinetic energy, Eq , is in the 1.5-2.0MeV range, the interac­

tion is not strictly classical. At these high energies, the nuclear forces begin to contribute 

to the cross-section, so it deviates from the classical Rutherford cross-section. Baglin et 

al.11 have developed a polynomial expression which closely matches data for the
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cross-section at various scattering angles. The polynomial is

M-O(EiQ)] = aE + b + cE"1 + dE~2, (3.2.18)

where the coefficients a, b, c, and d are functions of the scattering angle. Equation 

3.2.18 combined with the appropriate coefficients (see Baglin et al.11 Table I) give a 

scattering cross-section which is up to nearly twice the Rutherford cross-section for the

energies of interest. Such a deviation is significant for determining accurate concentra-
>

tions of hydrogen.
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Figure 3.2.1

Classical collision between two point particles..

Note that m2 can be either mo or m/.
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c h a n n e l  n u m b e r

Figure 3.2.2

RBS spectrum for titanium at a scattering angle of 155°.

The channel numbers represent 2keV per channel, so the forward edge (a) has an energy 

of 1.2MeV. Consequently, the incident energy Eo is 1.67MeV.
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Figure 3.2.3

Stopping powers of hydrogen and helium in aluminum12,13.
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Figure 3.2.4

Schematic representation of ERDA.
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4. THEORY OF HYDROGEN ABSORPTION IN METALS

To determine the kinetics of hydrogen absorption on poly crystalline titanium, an 

existing model presented itself as a reasonable starting point. The model, originally 

developed by Davenport et al.14 for explaining photoemission data of hydrogen in 

niobium and palladium, consisted of a two stage kinetic model; subsequently, the 

Davenport paper was the primary reference for the discussion which follows. The model 

considered both the surface concentration and the bulk concentration of hydrogen; 

consequently, the potential controlling the absorption of hydrogen had a deep well at the 

surface and a barrier separating the surface from the bulk. Characterization of the barrier 

determined the behavior of the system. If the barrier was high, hydrogen concentration on 

the surface would saturate rapidly, leaving the bulk concentration to slowly increase 

toward saturation; however, if the barrier was low or non-existent, the surface concentra­

tion would remain low and would increase only as the bulk concentration increased.

The structure of the potential, as presented in Figure 4.1, determined the behavior 

of the system. The first potential well, looking into the surface, is associated with surface 

sites for the binding of atomic hydrogen, with Ed, the desorption energy, being the energy 

required to remove hydrogen from the surface of the metal. Continuing into the surface, a 

potential barrier could be encountered that represented a hypothetical difficulty for 

hydrogen to penetrate into the bulk region. It could represent the breaking of the hydride 

bonds with the metal to move away from the surface region, or the mechanical strain of
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the metal lattice preventing the atoms of hydrogen from moving freely into the bulk. The 

barrier height, Ea, was defined as the energy measured from the bottom of the surface 

well. Beyond the barrier would be the region where hydrogen can be in solution, moving 

freely throughout the bulk. Es was defined as the solution energy for the atomic hydrogen 

in the metal, and Eb was the barrier height relative to the solution energy. The solution 

energy is constrained to obey

-E a+ E b + E d  = Es, (4.1)

allowing for the barrier to vanish, Ea=Eb, and thereby forcing the solution energy to be 

equal to the desorption energy.

Allowing the hydrogen to flow in both directions in the potential well, the 

following coupled differential equations resulted:

—  = 2 K i( l - e ) 2-K ® 2-v© +P(I-Q)X, (4.2)
dt

and

dxN l^ = v Q -P ( l-Q )x ,  (4.3)
dt

where 0  was defined as the fractional number of allowed sites occupied by hydrogen in 

the surface region, and x was the fractional concentration of hydrogen in the bulk region. 

Terms involving Q2 require that two hydrogen atoms come together to form a hydrogen 

molecule. Terms with x and 0  involve interactions between bulk and surface regions.

The coefficients Ki, K, v, and P are dependent upon the energies defined above, and will 

be further defined to reflect the physical processes involved with the transport of 

hydrogen between the regions.



33

The first term of equation 4.2 represented the hydrogen hitting and sticking on the 

surface; consequently, the coefficient, Ki , should have information concerning the 

sticking coefficient and the conditions of the hydrogen gas outside the material. Thus, 

from kinetic theory,

with So as the sticking coefficient, ns as the number of substrate atoms per unit area, and 

P/(27tmH2kBT)1/2 as the flux of hydrogen molecules at the surface.

The second term of equation 4.2 represents the desorption of hydrogen from the 

surface to the vacuum outside the material; consequently, K  was defined as the desorption 

rate obeying

with Kq assumed to be IO13 attempts per second, representing an attempt frequency of 

hydrogen trying to escape from the surface.

The third term of equation 4.2, which happened to be the negative of the first term 

of equation 4.3, was developed as the rate of surface hydrogen going into the bulk; 

similarly, the fourth term of equation 4.2, which happened to be the negative of the 

second term of equation 4.3, defined the rate of bulk hydrogen returning to the surface. 

Using the coefficient K&ssl model, the coefficients in 4.3 were defined as

K , ^  _____ f _____
ns \_(27tmH2kBT)I/2

(4.4)

K ~ K 0e ED/kBT (4.5)

v = v0.eEA/kl,T (4.6)

and

(4.7)
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with the prefactors V0 and j80 defining the attempt frequency at the inner barrier. In the 

development of the theory, V0 and P0 would be considered free parameters to be adjusted 

as needed; however, for simplicity, V0 and P0 were considered similar to the parameter 

K0, being related to the hydrogen vibrations in the lattice. Therefore, the parameters 

V0and P0, as a. first approximation, were set equal to Kq.

With the assumed values of V0 and P 0 , the measurements of the bulk and surface 

concentrations may be fitted to equation 4.3 by adjusting the energy for the barrier, using 

tabulated values of Es and Ed and using the constraint of equation 4.1. Since the barrier, 

energy height, Ea, represented the only free parameter for the bulk fit, determining the 

height characterized the bulk uptake properties. If the model matches the bulk behavior, 

then Ea should be within an order of magnitude of the solution energy and the desorption 

energy. Furthermore, if the barrier height exceeds the desorption energy, careful
o

consideration of the physical processes involved must be made before accepting the 

model. Another possible outcome was the barrier having a negative value, being deeper 

than the surface well, or Eb forming an intermediate step potential between the surface 

and bulk regions, which would suggest that the model should incorporate a region 

between the bulk and surface having different behavior than either the bulk or the surface 

regions.

If the barrier energy was suitable for continuing the analysis of the model, the 

surface data could be analyzed. Since the barrier energy was found, equation 4.2 had a 

single free parameter, the sticking coefficient, So- Clearly, the sticking coefficient 

represented the physical process of adsorption onto the metal surface. The hydrogen
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molecule had to strike the surface in such a way as to be split into atomic hydrogen and 

be bound to the surface. It was not clear that the sticking coefficient should be constant 

because of various considerations. First, the hydrogen concentration on the surface could 

adjust the value of S0 in a manner that is not represented by the (I -  0 ) 2 factor; conse­

quently, a possibility existed that the presence of hydrogen interfered with some of the 

other possible binding sites as to make sticking more or less likely. Second, the presence 

of contaminants on the surface should affect the sticking coefficient. Some of the 

possible hydrogen sites could be taken by other elements; consequently, the contaminant 

may not only be preventing the hydrogen from sticking to the site, but it may strain the 

surface to promote or prevent the use of other sites. Third, the presence of contaminants 

may involve a two stage process which changes the sticking coefficient. Oxygen was 

known to react with titanium and form stable oxides at room temperature; however, 

hydrogen had been used to reduce the oxygen from the surface,15 freeing the site for 

possible hydrogen adsorption. If the process required freeing oxygen from TiOa by 

forming water, then it required two hydrogen molecules to form the water and another 

molecule to fill the sites; such a process would definitely result in a non-constant sticking 

coefficient, especially if reduction of the TiOa were easier to accomplish than sticking 

hydrogen to the surface. Lastly, there could be some dependence upon the bulk concen­

tration, such as straining the lattice so as to promote or prevent sticking; however, such a 

dependence might be more appropriate for very high bulk concentrations, which were 

never attained.

The previous considerations were used when compiling results and making



conclusions. Indeed, the values of the barrier energy, Ea, and the sticking coefficient, S0, 

represented the physics of the process. Careful consideration of the physical processes 

involved made for an easier interpretation of results presented in sections 5 and 6.

36
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Surface

Figure 4.1

Model of potential well for hydrogen absorption into metal surfaces.



5. EXPERIMENTAL RESULTS

5.0 General Information

Once experiments were completed, the ERDA spectra were in the form of counts 

versus channel number. Using the theory detailed in section 3.2, a program was written 

to convert spectra into an atomic density of hydrogen versus depth within the titanium 

sample. The program was written in C++ to take advantage of object oriented design, 

which developed reusable routines for future data analysis.

In a typical uptake experiment, the sample was exposed to a known pressure of 

hydrogen for a known period of time. The exposure unit, the Langmuir, was a convenient 

choice, since it represents microTorr seconds of exposure and the exposure pressures 

ranged from tenths to tens of microTorr. Two exposure methods were used: (I) exposing 

for a short time then doing ERDA with the hydrogen removed (variable), and (2)
I

exposing continuously while doing the ERDA (continuous). Both methods were repre­

sented within the results.

Converting the series of ERDA spectra to relative concentrations was accom­

plished by integrating over certain ranges of depth. The boundary was chosen arbitrarily 

at IOOOA below the sample surface, since experience had shown that the ERDA surface 

peak appeared entirely within this distance of the surface. All hydrogen deeper than 

IOOOA was considered bulk hydrogen, and the hydrogen within IOOOA was considered
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surface hydrogen. The atomic fractions present were determined by considering the bulk 

concentration as a total hydrogen density divided by the titanium density throughout the 

IOOOA of the slab.

The surface hydrogen was assumed to be confined at the surface, thereby making 

the total surface concentration divided by the titanium concentration in a thin slab the 

definition of the fractional surface density. The thin slab was considered the average 

thickness of a unit cell of single crystal titanium, since the surface could be considered 

microscopic crystals arranged in random orientation. The model developed in section 4.0 

required that the maximum value of the surface fractional concentration be one, but the 

stable hydrides of titanium allowed for a two to one ratio of hydrogen to titanium as a 

maximum, requiring the fractional hydrogen concentration to become a fractional number 

of occupied sites within the lattice.

The density of titanium metal is 4.51 g/cc, so the atomic density is 5.67x1022 

atoms/cc. Thus, the fractional concentration in IOOOA of material was defined by

x = ---------- -------------- 4 ------------------- -— ^rlpH(s)ds (5.0.1)
5.61x10 atoms/cm3 [smx -1000x10 8 cm]

with p H (j) defined as the hydrogen concentration profile determined from the formulas

in section 3.2, with the limits of integration being between IOOOA and the maximum

probing depth represented in the ERDA spectrum, and with the coefficient as one over the

integral of the titanium atomic density over the same limits.

A titanium crystal has a hexagonal structure (see Figure 5.0.1). Assuming that the 

surface has a random orientation of the unit cell and the unit cell dimensions were 2.95A
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between nearest neighbor atoms, within a plane and 2.35A between the planes, the average 

orientation had a depth of 2.61A. The cross sectional density of titanium within this 

depth was 1.48x1015 atoms/cm2; consequently, the fractional concentration at the surface 

became

9  = 7.48, 20'= L m  /<** I  W ( 5 -°'2)

with the average surface concentration being calculated by subtracting the background 

average bulk concentration from the total concentration (see Figure 5.0.2).

The time axis, with respect to equations 4.2 and 4.3, was determined by dividing 

through by the pressure of the particular hydrogen exposure, taking into account that 

ionization gauges read only one-half the actual amount of hydrogen present in the 

chamber. Once the time axis was in place, best fit functions for the bulk data and the 

surface data were attempted. The functions were further differentiated to determine rate 

for bulk and surface uptakes. The data sets were then analyzed with equations 4.2 and 

4.3, resulting in experimental values for the barrier height and the sticking coefficient.

As supplemental information, AES spectra were included to characterize the 

surface conditions before, sometimes during, and after an exposure series. As mentioned 

in Section 4, a heavy dependence upon surface contaminants could have been present in 

the sticking coefficient.

The results which follow represented the characteristic uptake of hydrogen by 

titanium and demonstrated the ERDA technique for studying the absorption phenomena.
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Top Side

Figure 5.0.1

Hexagonal structure of titanium crystal.

The dimensions are a=2.95A and b=2.35k.



42

6.xIO
Bulk Reg ion  , S u r f a c e  Region

4.

— 0.5- 2.0 - 1 . 5 - 1.0
D e p t h  ( c m )

Figure 5.0.2

ERDA spectrum divided into the three regions of interest.

(a) Bulk concentration, (b) Surface concentration at the sample surface, (c) Bulk 

concentration subtracted from the surface region’s concentration.
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5.1 UHV. Variable Pressure Hydrogen Exposure Experiments

Experiments were conducted on the 28th of March and 2nd of April 1996 on a 

relatively clean sample with chamber base pressures of about IxlO"9 Torr. As opposed to 

the continuous hydrogen exposures that would be done later, the first experiments 

exposed the sample to a small amount of hydrogen, then ceased the exposure in order to . 

return to the base pressure to perform ERDA. Some of the resulting spectra were further 

scrutinized by taking AES measurements to determine if the exposure changed the sur­

face compositions.

Each exposure, at various hydrogen pressures, took between two and five minutes 

to complete; subsequently, ERDA measurements were taken immediately afterward to 

minimize any possible desorption. To establish a baseline of experimental procedures 

and results, a similar exposure experiment using a quartz crystal microbalance (QCM) 

was chosen as a method of comparison.16 The QCM experiment had measured hydrogen 

exposure on a 1000 A thin film of titanium at pressures from IO"6 to IO"5 Torr for 500 

seconds; subsequently, the resulting hydrogen uptake indicated continuous absorption but 

no signs of saturation. In fact, the absorption was nearly linear with respect to time. 

Consequently, the hydrogen exposures chosen for the variable exposure experiments were
X

an attempt to match the QCM results, which included a range of 0 to 500 Langmuirs.

The March 28th exposure series represented the first series to be done once the 

preliminary preparations were made. Even though there were some procedural
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difficulties, a satisfactory series of spectra leading to near saturation concentrations was 

developed (see Figure 5.1.1).. The saturation was considered complete since hydrogen 

concentrations measured at hydrogen exposures of 500 and 1000 Langmuirs did not show 

any significant change. Furthermore, the values of the data suggested incorrectly that the 

top layer had exceeded TiHz hydrogen concentrations. One explanation is that the 

fractional surface concentration approached one, giving an experimental error of 20%. 

Since the exposure series had been stopped at 1000 Langmuirs, there is no way of 

knowing from the data set whether or not saturation had been achieved. If it was not 

saturated, thereby continuing to increase beyond the maximum, then the model is only 

salvageable by redefining the surface region as being two monolayers thick, where 

hydride is being formed in the second layer. Thus the fractional concentration would be 

half of the previous value. If this were again to show a definite increase of coverage 

beyond the point of saturating two layers then the Davenport model must be reconsidered 

in favor of a model which has the hydride forming layer by layer into the material.

Subsequently, data analysis was confined to realizing that the exposure had 

reached the saturation point. Furthermore, the variable exposure pressures made it 

impossible to reasonably determine concentrations as a function of time, indicating that it 

would not be useful to determine barrier heights and sticking coefficients in this case. It 

was noted that the concentration is not simply a function of total exposure, but the 

concentrations have pressure and time dependence.

Similarly, the April 2nd exposure series was conducted in the same manor, except 

that not as many low exposure spectra were collected (see Figure 5.1.2). By contrast, all
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of the April 2nd exposure series data values did not have fractional surface concentration 

values greater than one.

The surface condition of the titanium sample in the March 28th exposure series, 

as presented in Figures 5.1.3, show that despite the exposure, the overall surface condi­

tion remained the same (AES data for April 2nd series was not available). It was 

interesting to note that the AES spectrum taken after an exposure had much more noise, 

despite the equivalent smoothing; consequently, the hydrogen gas must have partially 

contaminated the AES apparatus.

Both the surface and bulk fractional concentrations have logarithmic dependence 

with respect to exposure. The curves in Figures 5.1.1 and 5.1.2 represent best fit 

functions with respect to exposure, defined by

x = ao\og(aiL + a.2) + a3 (5.1.1)

for the bulk, and

© = b0 Iogf biL + b2) + b3 (5.1.2)

for the surface, with a and b being coefficients to be fit. The coefficients for the best fits 

of the function that the Genplot software accomplished are presented in Table 5.1.1. 

Beyond this point, analyzing the data with the Davenport model was impossible because 

of the pressure dependence. Since exposure is defined by

L = Pt, (5.1.3)

then changes in exposure will be

dL = Pdt + tdP, (5.1.4)

leaving time derivatives of concentration a poorly defined function because of the
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variable pressure.

Overall, the hydrogen exposure series of March 28th and April 2nd represented an 

uptake to a near saturation point; however, titanium possesses a number of stable 

hydrides, depending upon the relative concentration of hydrogen to titanium. For the 

April 2nd series, the surface fractional concentration approached 0.83. Since the 

fractional surface concentration represents the number of available sites, the ratio of 

hydrogen to titanium was 1.66 or 5 hydrogen to 3 titanium. In the case for the March 

28th series, the ratio approached 2.2 or nearly 2 hydrogen to I titanium. Therefore, with 

surface concentrations being measured with ERDA, hydride formation was inferred.
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March 28th Series April 2nd Series

ao= 1.73x10-4 bo = .223 ao = 2. Ix IO4 bo =.166

a, = .545x10'* b, = .465xl017 a, = .12xl018 b, = .75x10'*

az = -.291x10'* b2 = -.921x10'* a2 = -.35xl0'7 b2 = -.25x10''

as = -2. IOxlO"3 b3 = -3.23 a3 = -3.35xl0"3 b3 = -2.53

Table 5.1.1

Fitting coefficients for logarithmic functions.
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Figure 5.1.1

March 28th exposure series.
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April 2nd exposure series.
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- B e f o r e  H2 e x p o s u r e

' A f t e r  H2 e x p o s u r e

Electron Energy (eV)

Figure 5.1.3

AES of titanium surface for March 28th exposure series.

Note that the relative concentrations have not changed.
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5.2 UHV. Continuous IQ'5 Torr Hydrogen Exposure Experiments

Experience from the previous experiments at variable exposure suggested that 

- surface saturation had been reached; consequently, the behavior beyond saturation was 

examined. In the subsequent experiments, hydrogen was exposed to titanium at a 

continuous pressure in the IO"5 Torr range while doing the ERDA. The intent was to 

observe the behavior once saturation concentrations had been achieved on the surface.

The Jun 25 hydrogen exposure series was accomplished in a baked UHV chamber 

with a base pressure of IO"9 Torr. The hydrogen was exposed to the chamber at 2x10"5 

Torr of pressure. Prior to the exposure Series, the sample was sputter cleaned at approxi­

mately 400 degrees C for one hour, with AES being done afterwards. A single ERDA 

spectra was taken prior to the hydrogen exposure to be used as a baseline for the data. 

Once hydrogen gas had been introduced into the chamber, ERDA spectra were taken back 

to back throughout the exposure. The sample was exposed to hydrogen for a total of I 

hour and 58 minutes.

Hydrogen uptake was detected (see Figure 5.2.1), as evidenced by increases in 

both bulk and surface concentrations. It is clear that the, surface hydrogen had not satu­

rated at the surface then migrated inward, since there is no apparent width change of the 

surface peak. Such a situation resulted in treating the surface hydrogen as being at the 

surface. Consequently, the analysis proceeded accordingly.,

The bulk hydrogen concentration varied linearly with time (see Figure 5.2.2). The
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fractional concentration changed at an average of 1.19x10'7 per second. The resulting 

rate of change, together with the values for bulk and surface fractional concentrations, 

resulted in the energy barrier height 0.258eV over the range of the data (see Figure 

5.2.3). Consequently, the model presented in section 4 suggests that the interior energy 

barrier adequately explained the kinetics of the uptake.

Similarly, the surface hydrogen concentration varied linearly with time. The 

fractional surface concentration changed at an average of 2.06xl0"5 per second. The 

resulting rate of change combined with the results for the bulk fractional concentration, 

resulted with values for the sticking coefficient, So, ranging from .95xl0"6 at the begin­

ning of the exposure to 1.5xl0"6 at the end of the exposure (see figure 5.2.4). (It was 

interesting to note that desorption did not contribute to the calculation for the sticking 

coefficient, since kT was much less than the desorption barrier height.) The fact that a 

clean surface should have a sticking coefficient of 0.17 indicated that the surface had 

contaminants16. Furthermore, the change of the sticking coefficient suggested that the 

hydrogen exposure had removed some of the contaminants.

Subsequently, the Auger spectrum, taken before beginning the exposure, showed 

the existence of contaminants on the surface (see Figure 5.2.5). Primarily, sulfur, carbon, 

and oxygen were present; however, the Auger spectrum taken after the hydrogen 

exposure showed no signs of sulfur. It appeared that the hydrogen had been responsible 

for removing the sulfur from the surface. The relative concentrations of the contami­

nants, as detailed in Table 5.2.1, indicated that an overall change in the composition of 

the surface contaminants had occurred.
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Though saturation had not been accomplished, the results indicated some unusual 

behavior. Both the surface and bulk concentrations increased linearly at different rates, 

which suggested that the surface concentration was not controlling the bulk rate of 

uptake. Such a situation would suggest that surface fractional concentrations of 0.30 are 

insufficient to reduce bulk uptake rates, but the differing rates of uptake indicate that the 

surface adsorbs hydrogen faster than it is transported into the bulk.
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Element Relative concentration

Before exposure After exposure

Titanium .260 .283

Sulfur .053 .026

Carbon .610 .559

Oxygen .069 .133

Table 5.2.1

Relative concentrations of sample surface.
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Surface

Figure 5.2.3

Exposure model’s potential well for titanium based on computed barrier energy.

The values for the energies are Es = 2.9eV, and Ed = 3.0eV,14 and the computed barrier 

energy is Ea = 0.259eV.
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Figure 5.2.4

Sticking coefficient as a function of time.
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AES of Jun25 Series

Before H2 exposure

After H2 exposure

Electron Energy (eV)

Figure 5.2.5

Surface characteristics of titanium surface for June 25th exposure series.

Note that the sulfur has been removed as a result of the exposure.
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6. DISCUSSION AND CONCLUSIONS

The study of hydrogen absorption in titanium led to some interesting results. 

Despite the difficulties presented by straggling in the stopper foil, ERDA measurements 

allowed the determination of surface hydrogen distinctly different from the bulk hydro­

gen. Careful analysis of the ERDA spectra combined with the model of absorption, 

presented in section 4, revealed the process to include both surface and bulk properties of 

the hydrogen uptake. Furthermore, the functions used to fit the data showed that during 

the uptake process, surface hydrogen concentrations rose more rapidly than those of the 

bulk. It was also noted that hydrogen absorption depended upon the amount of surface 

contamination.

In a typical ERDA spectrum, the Straggling due to the stopper foil had the effect 

of smearing the data. However, the spectra had a gaussian shaped peak near the surface 

while the rest of the spectra seemed relatively constant. The shape demanded that regions 

near the surface had higher concentrations, but the exact distribution near the surface was 

not known. The Davenport model14 (section 4) had suggested that the surface hydrogen 

had position only in the first layer. If this was not the case, the width of the surface peak 

would not have been constant with respect to exposure.

Subsequently, the model represented an important step toward understanding the 

hydrogen uptake process. The internal energy barrier, Ea (see figure 4.1), controlled the 

rate of uptake by the bulk and the surface regions. Consequently, the best fits for the data
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showed the existence of the barrier and determined that it remained constant. Though the 

nature of the barrier had not been determined, the value of approximately 0.26 eV 

suggested that surface strain of the crystal lattice had a contribution, since the computed 

value of the strain energy was 0.7eV. Thus, both strain and chemical bonds could 

contribute to the barrier energy.

Furthermore, the sticking coefficient for the process, So, having been variable 

throughout the experiments, was a potential difficulty with the model. The variable 

sticking coefficient suggested that the functions chosen for the fits were not the best 

choice. Regardless, the Davenport model had taken into account both surface and bulk 

properties of the hydrogen absorption process and had reasonably explained the experi­

mental results.

The continuous exposure experiment was extremely sensitive to surface contami­

nants, as evidenced by the sulfur reduction in the continuous exposure experiment. 

Clearly, prior to attempting any modification to the functional fits, the effects of surface 

contamination upon the sticking coefficient has to be addressed. Furthermore, the 

sticking coefficient in the continuous exposure experiment was unexpectedly low; it 

seemed that the presence of the contaminants altered the process significantly, making 

sticking a very unlikely event. Some process, other than the Davenport model dominated 

the sticking event. A better model might define the sticking coefficient as a function of 

contaminant concentration:
I

So = S o ( f C’ f o > f s > - )  (& I)

with fx representing the fractional concentration of the contaminant. Regardless, future

C
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experiments would require an increased attention to contaminant concentrations.

Ultimately, ERDA and the Davenport absorption model had been demonstrated as 

useful tools for understanding the hydrogen absorption process in titanium. Future 

experiments should expand on this work, should address the uptake properties of other 

metals that had been subjected to the Davenport model, and should indicate if the 

Davenport model is in error for saturation conditions present in the March 28th experi­

mental series. Ultimately, ERDA was demonstrated to be an effective technique for 

determination of absorption characteristics of titanium and should be expanded to the 

studies of titanium based alloys intended for aerospace usage.
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