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the highest surface area. TURCO was the roughest surface and therefore had a
higher surface area than the smoother P/F surface.

Because the P/F surface was not durable, it was chosen as the substrate for
testing the possible durability enhancement by titanium and aluminum alkoxide coatings.
Sec-butyl aluminum alkoxide significantly enhanced the bond durability of the P/F
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The locus of failure and infrared studies indicate the enhancement in durability
by the aluminum alkoxide was due to the high concentration of hydroxyl groups in the
alkoxide available to interact with the titanium oxide and the epoxy.
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Factors influencing the durability of (Ti-6-4 / epoxy ;ﬁﬁ&ﬁﬁ:
and Ti-6-4 / metal alkoxide / epoxy interphases were studied {;”ﬂﬁﬁ‘
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by first determining chemical and physical properties of ‘*\@ﬁm
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Ti-6-4 adherend surfaces; second by characterizing the g,
strength and durability of Ti-6-4 / epoxy bonds; and third é%ﬁ?ﬁ‘
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by using aluminum and titanium alkoxides as possible ﬁﬁ%ghg
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adhesion promot '¢*»”M
p ers. DU
Ti-6-4 adherend surfaces were oxidized either by Qﬁ%g,“
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chemical etch or anodization. Four principal pretreatments ¥ fﬁ':ﬁ
A }5? 5"‘
were studied: chromic acid anodization (CAA), sodium ~:: ff

hydroxide anodization (SHA), phosphate fluoride acid etch
(P/F), and TURCO basic etch (TURCO). The oxides were
characterized physically by SEM, STEM, profilometry, and
contact angles; and chemically by XPS, AES, SIMS, and
indicator dyes. The two anodically produced oxides were
porous, with pore diameters of 40 to 50 nm, while P/F and
TURCO pretreated adherends showed no porosity. Good
reproducibility of oxide composition was seen by XPS. The
acidity/basicity of the surfaces was found to be in order of
increasing basicity CAA < P/F < TURCO < SHA7<;

All adhesive bonding was done with a structural epoxy,
FM-300. Lap shear strengths showed no significant differ-

ence between pretreatments, reinforcing the opinion that the
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lap shear test is not surface sensitive. The stress dura-

bility and wedge test, however, showed vast differences in
bond durability. The SHA and CAA pretreatments were equally
durable in 80° C, 95% r.h. The TURCO pretreatment was
slightly less durable than the P/F pretreatment which exhib-
ited no durability in hot-wet environments. The characteri-
zation results point to the surface area of contact between
the adhesive and adherend as the reason for variation in
bond durability. CAA and SHA pretreated Ti-6-4 adherends
were porous and thus possessed the highest surface area.
TURCO was the roughest surface and therefore had a higher
surface area than the smoother P/F surface.

Because the P/F surface was not durable, it was chosen
as the substrate for testing the possible durability
enhancement by titanium and aluminum alkoxide coatings.
Sec-butyl aluminum alkoxide significantly enhanced the bond
durability of the P/F pretreated bonds, while the titanium
alkoxide primers showed no improvement in durability. The
locus of failure and infrared studies indicate the
enhancement in durability by the aluminum alkoxide Qas due

to the high concentration of hydroxyl groups in the alkoxide

available to interact with the titanium oxide and the epoxy.
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82 Grazing angle FTIR spectra from 1200 to 400 cm ! of
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25° and 300° C.

h 83 Grazing angle EFTIR spectrum of EPON 828 film on
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Appendix C

Cl. Representative spectra of C 1s, O 1s and Ti 2p peaks RGN Y
from a CAA pretreated surface. t;iﬁ*‘
PG,
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C2. Representative spectra of C 18, O 1s and Ti 2p peaks 'ikf*
from a P/F pretreated surface. =
/E p ace prwqu

C3. Representative spectra of C ls, O 1ls and Ti 2p peaks
from a TURCP pretreated surface.
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C4. Representative spectra of C 1s, O 1s and Ti 2p peaks
from a SHA pretreated surface.

C5. Representative spectra of C 1ls, O 1ls and Ti 2p peaks
from a PSHA pretreated surface. o
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‘ I. Introduction "
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W%
In an adhesive bond, dissimilar materials are brought BF::
e
together to form an interface. Several molecular layers in v
L
one material will be influenced by the presence of the other &: y
i N
RS,
, material. Understanding the chemistry and physical Qé?t
s
-
structure of the interface region or "interphase" is vital )
®
in understanding the interaction between the materials. -
A
; The chemistry and topography of a metal adherend :fﬁ:
' v
E surface is primarily determined by the method of preparing 353
]
3 the surface prior to bonding. The pretreatment will affect F&Fl
\;\ ,
] the surface chemical composition, roughness, acidity/ hﬁti
t . ‘.% 8
&,
t basicity, surface energy, and oxide thickness. The chemical e_{ﬁ
L]
i composition of the polymeric adhesive will dictate the :SQ‘
o,
\ mobility of the polymer chains during bonding and thus the ﬁ;x
' Nl
ability of functional groups to interact with the metal gjiﬂ
L]
surface. The addition of an alkoxide primer to the metal N,
) 4.:\':.
g adherend surface will provide a new chemistry to interact ;f’\
. S,
i with the_adhesive while usually masking the topography of ﬁﬁ:‘
- [} .
) the metal surface. gﬁ&;
g The interactions occurring at the interface will - v\*;
8 AN
Q ultimately determine the performance of the adhesive bond. g?@:
4 ’ e
A In load bearing adhesive bonds exposed to heat and humidity, }fﬂf
. DA
N good durability is imperative for continued integrity of the :;fb‘
DY
..‘.‘.r '
% structure. One of the primary goals in adhesion science .j$?\
),v_j
; .."":./-
l: 1 -'::\-'1
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S
NotRs
today is to predict real world performance from modeling gﬁ&?%ﬁf
studies of adhesively bonded samples. To effectively model, .A.h-?,
however, the parameters affecting the system must first be =§ﬂ3§%
established. .::'EE:{,';‘:::;:.';‘,}.':'
The purpose of this study is to determine the factors :25;?"&’
which affect the hot-wet durability of Ti-6Al-4V / epoxy 3;%%55}2
bonds. First, physical and chemical properties of different éﬁ%&ﬁi
Ti-6-4 oxide surfaces were studied. Next, the hydrothermal ‘1.
durability of Ti-6-4 / epoxy bonds was determined. Finally, g%g%%gf
the use of metal alkoxide primers for enhancement of bond Eﬁﬁﬁhff

durability was investigated by both adhesive bonding and

alkoxide surface characterization studies.
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II. Literature Review

A. Titanium and its Oxides
1. Titanium

Titanium makes up 0.6% of the earth’s c¢rust in the form
of ilmenite, FeTiOs, and rutile, TiO:. The Kroll process is
necessary to extract the titanium from these ores. BHere,
the ilmenite or rutile is treated at red heat with carbon
and chlorine forming TiCls, which is then reduced with mag-
nesium at 800° C in an argon atmosphere. Upon removal of
the magnesium and magnesium chloride at 1000° C, a spongy
mass of titanium remains [3].

Titanium has a high strength to weight ratio, a high
melting point of 1668° C, and good corrosion resistance.
The a-phase is hexagonal close packed, while the B-phase is
body centered cubic and forms above 882.5° C. a-phase
alloys possess high strength and toughness and are resistant
to oxygen contamination, but show poor forming characteris-
tics. B-phase alloys are more easily formed, show good hot
and cold strength, but are more susceptible to atmospheric
contamination and have a lower strength to weight ratio due
to their higher density.

Ti-6A1-4V is an a-B alloy with Al stabilizing the
e~phase, raising the a -> B8 transition temperature and V

stabilizing the B-phase, raising the 8 -> a« transition temp-
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erature. «o-8 alloys show good formability and good cold and Q*
?‘ hot strength [4] making them excellent materials for high Ll

performance structures.

3 SR

2. Titanium oxide —

Titanium has an outer electronic structure of 3d°4s*.

Because the energy required to remove four electrons is so
h high, Ti** ion does not exist in compounds, making Ti(IV)

compounds covalent [3]. The ionic radius of Ti** is 0.68 A

with the octahedral covalent radius of Ti(1V) equal to 1.36 JEEJCJ

3 A [5]. ,;Lo__.‘h
Rutile is one of three titanium oxide forms and is Pﬁﬁjh.

pictured in Figure 1 [3]. Each Ti*® ion is surrounded by :ﬂfﬁyﬁf

+ 8ix oxygen anions, arranged in a distorted octahedron with '.’ _
each oxygen anion surrounded by three Ti*®' ions [6-9]. Ezsgil

Anatase and brookite are the other two titanium dioxide ;;S;gh

crystalline forms. The number of edges shared by the octa- ;g;!;|

hedra is two fqr rutile, three for brookite, and four for ;?Eiég

anatase, while the number of corners shared is six, five and z&;@;f

four for rutile, brookite and anatase, respectively ‘é;-;:

[6,9,10]. Figure 2 shows the lattice separation distance %&fﬁé:

for rutile and anatase [11). Not all titanium oxides are &?ﬁ;v

crystalline. The amorphous TiO: films are made of micro-
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4
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crystallites with anatase-like or rutile-like Ti-O. octa-

4 8 4o
.-..fﬁ:
e
AOEARX
Py ‘Ix'f-

Ir‘;ff‘
’

o
P
[ 3

hedral configurations [12].
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ﬁ While pretreated titanium surfaces are composed pri-

« marily of amorphous oxides, knowledge of the surface chem- ®

’g istry of crystalline titanium dioxide may provide insight

iﬁ into the nature of the pretreated surfaces.

B Anatase and rutile have two types of hydroxyl groups on s

ég the surface. There is a basic Ti-OH group when the -OH is

ﬁ? bound to one Ti** site, making it a terminal -CH. Here the

g sixth position of the octahedral coordination of the surface *

::E: Ti** ion is filled by the -OH, with the other five positions

sh occupied by lattice oxygens. When a hydroxyl group is bound

& to two Ti*® sites in a tetrahedral coordination of the sur- ¢

:: face forming a bridged hydroxyl, the cations polarize the

E; -OH group, making it more acidic [13-15].

:b Titanium dioxides have been well characterized by many * A

g? techniques, two of which will be briefly discussed here - §£§
o

g: X-ray photoelectron spectroscopy, XPS and infrared spectro- s;§

af scopy, IR. In addition to the oxygen in the titanium oxide b an

;z lattice, titanium oxide surfaces possess both acidic and gs;

7 basic hydroxyl groups. Sham and Lazarus [15] show an O 1ls i

o
e
-

X

XPS peak with the oxygen’'s three components clearly resolved ®

[ '

-; o]
’_-‘:i :

7/
L%

)
v: and labeled as shown in Figure 3. Comparing a titanium

IR
oo

gf dioxide standard to an oxidized titanium electrode surface,

5 .

¢

Armstrong and Quinn [20] found the binding energy difference hd

b5
4

=0
>
s
h A%

hetween O 1s and Ti 2p3 to be 71.5 eV for TiO:.

o
: 3
Sl
A '.- (.L.
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3. Different types of hydroxyl groups on the surface of
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titanium dioxides also absorb different frequencies of
infrared radiation. When position 1 in Figure 2 is replaced
by an -OH group and is isolated from other -OH groups, the
stretching frequency occufs at 3715 cm * for anatase and at
3685 cm™! for rutile. However, when hydroxyl groups occupy
adjacent positions, the stretching frequency decreases to
3665 cm! for anatase and 3410 cm! for rutile due to hydro-
gen bonding [11]. Molecular water will also be present on
hydroxylated titanium surfaces indicated by the presence of
a bending vibration at 1625 cm ' [14].

In air, titanium always is covered by a native oxide.
This oxide can be modified by chemical or electrochemical

pretreatment to produce a reproducible surface for adhesive

bonding.

3. Titanium pretreatments

In preparing surfaces for adhesive bonding, a repro-
ducible, durable oxide is desired. Typically titanium and
its alloys are etched or abraded in acidic or basic media or
anodized in acidic or basic electrolytes prior to adhesive
bonding. Martin Marietta, AARADCOM, and NADC [16-18] have
classified eight pretreatments of Ti-6-4 into three cate-
gories depending upon their performance when bonded and
placed in a 60° C, 95% r.h. environment.

Representative pretreatments from each of the above
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three categories chosen for this study in decreasing order

of durability were chromic acid anodization (CAA), TURCO
basic etch (TURCO), and phosphate/fluoride acidic etch
(P/F). Anodization in a basic solution of sodium hydroxide
(SHA) was also chosen for study due to its reported compar-
able, if not better, durability to the CAA in 50° C, 96%
r.h. and the environmental benefits of no heavy metals, such
as chromium in the anodization bath [19]. The optimum
conditions for SHA chosen from Kennedy et al. [19] were

10 V, 30 min, at 20° C in 5M NaOH.

The mechanism of anodic oxidation of titanium has been
studied. Kover and Musselin [8] showed by '®°0 labeling
studies that the primary mechanism by which an anodic oxide
layer is formed is by metal cation migration through a
stationary oxygen sublattice, with water as the main
oxidizing agent. The growth of the film will be in a plane
parallel to the electrode (or sample) surface and is rate
limited by the applied voltage [20].

The mechanism of pore formation of the anodized
surfaces is less clear, but is believed to be initiated by a
preferential dissolution which is then subjected to local-
ized heating due to its thinner interface. In the CAA

pretreatment, HF serves as the activator for dissolution

[21].
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B. Analysis Methods
1. Electron microscopy
a. Scanning electron microscopy, SEM
SEM allows one to "see" what a surface looks like at
the micrometer or nanometer level. Commonly used in adhe-

sive bonding studies, SEM can be used to analyze post-

failure surfaces and also to characterize surfaces prior to

bonding. SEM provides excellent resolution and depth of

X

field.

e gy S Jn J
g

A rastered electron beam, typically from 2 to 30 kV,
impinges on the sample, causing secondary electrons, back-
scattered electrons, x-rays, and Auger electrons to be
emitted. The secondary electrons can be detected and dis-
played as an image on a CRT (cathode ray tube) screen.

The basic components of a SEM are the vacuum system,

lenses, electron gun, electron collector, CRT and associated

Y
«

)

L
electronics. Figure 4 [22] schematically illustrates the Jcr:.r,;j
v

SEM instrument design. The electron beam is typically

N A

-

gy
X;
2

l"
h Y
»
A,
L

created from a tungsten filament cathode by thermionic emis-

..
L

sion. The electrons are accelerated by a grid cap, hega-

>
Y
{d

4
Y S}r

*y
P

tively biased with respect to the cathode, causing the elec- o

;‘I ’

P

trons to converge at a crossover point. The condenser and

v ‘,t'
1
{l

A,
S
B

objective lenses demagnify the electron image formed at gﬁfff
the crossover (approx. 25 - 100 um) to a probe size ranging :tf

from 5 nm to 1 um. The condenser lens controls the beam
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Figure 4. Schematic drawing of SEM instrument [(22].
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current, while the objective lens determines the final spot
size. The electromagnetic lenses control the electron beam
with an electromagnetic field. The depth of field is also
controlled by the objective lens; however, the depth of
field increases at the expense of resolution {23]. Once the
electron beam hits the sample, a large number of inter-
actions occur, with ejection of secondary electrons of
interest in SEM. Secondary electrons are ejected from the
top 5 to 10 nm of the surface with energies < 50 eV [24].

To form an image, a scanning system, signal detectors,
amplifiers and CRT are needed. The scanning system, driven
by a scan generator, consists of electromagnetic scanning
coils which deflect the beam systematically . The CRT is
scanned synchronously with the sample so that for each
position on the sample, there is a unique position on the
CRT. A detector will produce a signal from the secondary
electrons emitted from each point on the sample. The ampli-

fied signal causes a point of particular brightness on the

CRT. The detector consists of a scintillator which emits
light when struck by high energy electrons. The light is

internally reflected down a light pipe to a photomultiplier

which serves to amplify the signal sent to the CRT. To

[

detect low energy secondary electrons, the detector must be
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detector. The magnification of the resulting image is

g

4
[/

13

NS
PR
"f.lf. A

¢

"¢

12

: 4
-t

RPN
L)
ALY
2

ﬂ ﬂ”\!;:’:c:ﬁ ﬁ :aﬂta :'v’l :'I ;t\



Ta 22 L' % P B Vot . . . " . . T ) wTAD . -.."v,‘

-
XX

_ .
kS
e,

L

-—
SRR
el
f{ﬁ&‘
o

&%

W
L
"

q.
X

iﬁ
oA

simply a ratio of the area scanned on the CRT to the area

?
-

) scanned on the sample [25].

L

While single SEM photomicrographs yield some perception

L

L

i
of depth, a three dimensional view is sometimes necessary “:§
e
) for a truer picture of the surface topography. Depth can be -
vy
perceived in SEM photomicrographs using a stereoscopic tech- ; >IN
R
nique where two photographs are taken at different angles. gﬁﬁhk;
oo
D The change in angle will change slightly the horizontal PY

.-f\-f W,
3 location of a corresponding image point in the two images g&?@:?
| il
creating parallax. Because the right eye sees more of the ‘44?%:

i

‘ right sides of things than left sides and vice versa, the

parallax between the two images will be interpreted as

Pl ol ]
J‘si?l
&'-ﬁ
> ]
%

&

2
7

4"

5

depth. Parallax, p, in a pair of photographs depends on the

angle between the two photos, $/2, the magnification, m, and

NN

sample thickness or roughness, t, as shown by equation (1). -}Q;}EJ
RANGRY

e

P = 2mt (sin §/2) (1) AN

Generally, p should be equal to one-twentieth of the width

of the photomicrograph or 6.5 mm for a 13 cm wide photo-

graph. Thus, for a magnification of 9000 x, an approximate

roughness of 3 um, with a 7° tilt, the parallax is 6.6 mm

{26].

Equation (1) simply provides a guide by which to begin

stereomicroscopy. Typically, the angular separation of the

two photomicrographs is between 5° and 10° [27]. When



viewing the two photos, the right eye should look at the PO,

right photo while the left eye looks at the left photo. .

n'..t".r'l,;'
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-
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gy

Stereoglasses usually aid in viewing stereophotomicrographs

[26].
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b. Scanning transmission electron microscopy, STEM

GG P AR ARS S

A scanning transmission electron microscope has both .jzty.
ALY Y XY
SEM and TEM (transmission electron microscope) capabilities. »
Rt
The advantage of the STEM, run in the SEM mode, over the SEM &EBH:
[N
AN
is the enhanced resolution gained by the higher performance %Eﬁh
‘ . . RS
; TEM lens system. Instead of a simple acceleration of the »
.\J.\'.\
RS
{ secondary electrons to the detector, as in SEM, the second- i
Roo
[ ary electrons in the STEM travel a torical path through the ;jgﬁ}f
SNy,
lenses to the secondary electron detector, yielding better »
KAARAY
- .. J
resolved photomicrographs and thus higher attainable :':4::::
oy
magnifications. Figure 5 [28] illustrates the different ﬁj{i.
AN
placement of the detectors in SEM and STEM. »
-z -i L
A
While SEM and STEM give a physical picture of a sample, :? o
-
N
a chemical picture is also necessary. :&:ﬁy
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2. X-ray photoelectron spectroscopy, XPS and Auger elec-
tron spectroscopy, AES
a. General description of techniques
X-ray photoelectron spectroscopy, or XPS, gives the
elemental composition of approximately the top 5 nm of a
sample’s surface. X-rays of a characteristic energy impinge

cn the sample causing photoelectrons to be ejected and

]
]
|
i
i
\
]
]
.
.

detected. The energy of a photoelectron is characteristic
of a specific level of a particular atom, allowing for

qualitative analysis of a surface.

5
x,

Auger electron spectroscopy, AES, also provides elemen-~

:\.-,‘_.3':

.'__.-\ "
tal information of the top 5 nm of the surface. Here, an j:x;

S .
electron beam, typically 2 to 3 kV, impinges on the surface -;jt

causing electrons to be ejected from a particular subshell.
These ejections cause holes into which electrons from higher
subshells fall releasing energy which can be used to eject
Auger electrons which are then analyzed and detected. Figure
6 from reference [29) represents the three stages in the

Auger process. The electron beam energy must be at least

five times greater than the kinetic energy of the ejected

LA
electron for sufficient ionization to occur. 1In addition to '~5fﬁ
Auger electrons, x-ray fluorescence can also occur; however, '*f::

the Auger process is favored over the x-ray fluorescence for
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Figure 6. Schematic diagram of emission of an Auger

-
electron from a solid (29]. .
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b. Instrumentation [29]

A system used for XPS or AES must be under vacuum, con-
tain a sample entry mechanism to maintain that vacuum, an
X-ray or electron source, an energy analyzer, and a
detector. Many of these components are computer controlled,
allowing data tc be stored and massaged.

A vacuum is necessary for two basic reasons. First, an
ejected photoelectron or Auger electron rneeds to reach the
energy analyzer without inelastically colliding with gas
molecules. Secondly, if atomically clean surfaces are being
studied, a high vacuum is necessary to keep the surfaces
from adsorbing contaminants. For example, at a pressure of
10-°% torr, a monolayer of gas with a sticking coefficient of
one, will adsorb on a surface in 1.5 seconds. There are

various types of vacuum pumps which can produce system pres-

sures S 10°° torr, provided the system can be "baked out". L;ﬁ]
'

Bake-out at temperatures of approximately 300° C, allows Effﬂ

o )'.:

adsorbed gases, such as water, on the walls of the vessel to :?3;

RN

be desorbed and pumped away. NN

’ —

There are three common types of vacuum pumps. Dif- Rt

».;:\"\t

fusion pumps require oil with vapor pressures < 10-? torr, :?3:

a:,:..‘r'.

with resistance to degradation and with low creep. Typi- gﬁg;
’

cally, poly phenyl ethers are used. Liquid nitrogen is vEAS

oot

necessary to cool the traps of the pump to prevent back- é%k

"

streaming of the oil. Turbo molecular pumps can pump any ;Sﬁ
[}
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gas, but are not as efficient with low molecular weight
gases; however, no cooling is necessary. Titanium subli-
mation pumps are usually used to achieve the last order of
magnitude in pressure, for example from 10°° torr to 10°1'°
torr. Such pumps operate by reacting residual gases with
elemental titanium.

Typical x-ray sources used in XPS spectrometers are
magnesium and aluminum because of their narrow line widths
and energies convenient for the study of core electrons. An
electron beam with an energy about an order of magnitude
higher than the x-ray energy is needed to efficiently
produce the x-ray flux. Best results are achieved when the
X-ray source is as close to the sample as possible. Electron
guns, either the more common thermionic or field emission,
are the usual sources for AES. The energy analyzer is the
workhorse of the spectrometer, separating the energies or
velocities of the photoelectrons ejected from the surface.
Two analyzers are typically used - the concentric hemi-
spherical analyzer (CHA), commonly used for XPS, and the
cylindrical mirror analyzer (CMA), usually used in AES.
Both analyzers are dispersive, deflecting the electron
energies by an electrostatic field so that only energies of
a narrow range are measured. 7The CHA is preferred for XPS
as it "maintains adequate luminosity" [29] at high energy

resolution. Because of the narrow acceptance angle, angle
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dependent studies are possible with the CHA but not with the

CMA which possesses a large acceptance angle.

Two retarding modes can be used by the CHA - fixed

n retarding ratio, FRR, or fixed analyzer transmission, FAT.
g In the FRR mode, electrons are decelerated from their _"
:4 initial energy by a constant ratio, thus operating at a g%:
ig constant relative energy resolution. The FAT mode decel- 2;?
erates electrons to a constant pass energy, operating at e Qﬁ:
constant absolute resolution. The absolute resolution makes Eﬁk
\ ' quantitation easier; however, the signal to noise at low ?x
Eﬁ kinetic energy or high binding energy is higher than in the * ,v{
FRR mode. :
The CMA is generally used in Auger electron spectro- ;‘E
scopy, due to its high transmission at only moderate energy ° ;Jﬁ
resolution. Because the line widths of Auger transitions are ﬁii
usually wider than XPS linewidths, the moderate energy iﬁ;
resolution does not pose a problem. o Al
N
When depth profiling is needed, an ion gun is used to %ﬁ;
LR
remove atomic layers from the sample’s surface. Ion guns §£§
are electrostatic devices where rare gas ions, Ar', for g oo
example, are generated by collisional excitation with elec- EES
trons from a hot filament. The Ar® ions are then accel- igg
erated to 0.5 to 5 KeV and focused on the sample with a beam o G
:
width of 1 to 5 mm in diameter. The ion beam must raster the ::‘,;
entire sample for XPS analysis, often making depth profiling :é
®
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by XPS inefficient. Depth profiling is more commonly used

with AES where a small rastered area creates a crater with a
flat bottom for accurate AES analysis by an electron beam,

which is narrower than the ion beam.

c. Qualitative analysis

The notation for the Auger transitions and the XPS
photopeaks is different. Table I lists the quantum numbers,
the x-ray suffix and level, and the spectroscopic level for
n=1to 3 [29]. XPS peaks are described by the last
column, whereas Auger peaks are described by the three x-ray
levels involved in the transition. For example, if a 1ls
electron was ejected, a 2s electron dropped down to fill the
hole causing a 2p electron to be ejected and detected, this
Auger transition would be designated as KLiLz.s.

The elemental identity of the XPS photopeaks is
obtained from their energy. The kinetic energy, KE, of the
ejected photoelectron is a function of the incident x-ray
energy, hw, the binding energy of the photoelectron, BE, and
the work function, ¢.

KE = hw - BE - ¢ (2)
The work function term is a "catch-all" wvalue which depends
on the sample and the spectrometer. Equation 2 is valid if
the photoemission is elastic, that is no energy is lost or

gained between ejection and detecticn [29].
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The binding energies for the various levels of most

elements are well known and published [30]. The binding
energy of an electron from a particular level will shift
depending upon its environment, increasing with increasing
formal oxidation number or for equal oxidation numbers,
increasing as the electronegativity of the neighboring
groups increases. This shift in binding energies allows
bonding and elemental information to be obtained [29].

In order to properly determine the binding energy
shifts, the spectra need to be calibrated. Typically either
a metal, such as gold, is evaporated onto the sample and the
binding energy of the 4f7 peak is assigned to 84 eV or the
hydrocarbon contamination is assigned to a C ls peak at 285
eV [31]. For carbon containing contamination of less than
one monolayer, the binding energy may shift, causing
variability in the calibration [32]. However, for samples
analyzed in this study, a contamination layer of at least a
monolayer is expected.

For subshells greater than s, that is for quantum
level, 1, greater than zero, doublet photopeaks occur due to
spin~orbital j-j coupling. Two possible states are charac-
terized by the quantum number j = 1 + s. The difference in
energy states, E;, arises from the parallel and antiparallel
nature of the spin and orbital angular momentum. The magni-

tude of the energy separation is proportional to the spin-
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orbit coupling. As the atomic number, z, increases for a
given subshell, E; increases. For a constant n, as 1
decreases, E; increases. That is, a 3p doublet will be more
widely separated than a 3d doublet. The area ratio of the
doublets also changes with subshell and j value as shown in
Table II [29].

In AES, elemental identity is also obtained from the
measured energy of the Auger electrons. The kinetic energy
of the Auger electron, Easc(2), can be approximated as a
function of the binding energies of each level, Ei(z), and
the binding energies of the same level of the next element
on the periodic table, E: (z+1).

EABC(Z) = EA(Z) - 1/2 [EB(Z) + EB(Z+1)] e
(3)

% 1Eo(z) + Eq(z+1)]

Auger electron peaks positions and intensities in the
undifferentiated display are not as clearly defined as XPS
peaks. Also, at the low kinetic energy end of an undiffer-
entiated Auger spectrum, there is a broad background peak
due to secondary electrons. For these reasons, Auger
spectra are usually differentiated to clearly define the
weak features of the spectra and to remove the background.
By convention, the energy position of the Auger peak is
measured at the "minimum in the high energy negative

excursion" [29]. The Auger energies are more easily
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TABLE I

Spectroscopic notation in XPS and AES for levels n =1 -

Quantum No. X-ray Suffix X-ray Level Spectroscopic
n 1 3 Level
l1 0 1/2 1 K 1 s 1
2 0 1/2 L1 S
2 1 1/2 2 L2 2 p
2 1 3/2 3 L3 p 3
3 0 1/2 1 M1 3 s1
3 1 172 2 M2 3 pl
3 1 3/2 3 M3 3 p3
3 2 3/2 4 M4 3 d3
3 2 5/2 5 MS 3 ds

TABLE II

Area ratios of XPS peaks [29]

DAY R R R R SR T e

Subshell j Values Area Ratio
8 1/2 -
P 1/2, 3/2 1:2
d 3/2, 5/2 2:3
£ 5/2, /2 3:4
S
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predicted than the intensities. > ,:._-;
3
b While derivative spectra are usually used in AES, L ‘
. Ry
bonding state information can be obtained from the ;\:'_&fv'
L(" '\.J,‘\
. . B A
undifferentiated line shapes, for example, the oxidation \j\ '
¥
(v
' state of a particular metal.
24 WI
The oxidation state of titanium can be determined by ','&:_";\,.
| [e S Y
5 Auger line shapes, of both derivative and nondifferentiated '_,.\ .R:
L] ‘!"
L spectra. Davis et al. [33] measured the derivative line ®
AN
shapes of titanium oxide powders and thin films in the .',':::'_\:s:
:f\-’_:.':-ﬁ
kinetic energy range of 360 to 430 eV and they found that f.': \"\,';.
Tty
L the peak amplitude at 411 - 415 eV changed with a change in ®
.A.‘\‘\.:,_\ &
. -"'1 -‘
oxidation state of the titanium, as shown in Figure 7. Care _l::_\:_::_\.
S
LTaan A
must be taken in the interpretation of line shape spectra, -_‘~:.‘-:.:-:\
YT
however, due to electron beam induced reduction of the tita- ®
A i l’.‘l':
nium dioxide to lower oxidation states such as Ti:Os or TiO. tﬁ::: Wy
LA LA !
I
Davis et al. [33] found that while the titanium oxide N ‘«';5.‘:
\“ {]
powders were stable for 15 minutes exposure to electron or ..
SLNLNLY
K SRR
ion beams, anodized films were reduced with Ar® ion .ﬁqﬁ¥¢‘
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ASASANAS
sputtering analyzed by an electron beam. :"\
':'-‘-;'T\-."\
Thomas [36] shows significant electron beam reduction o _
F "..- v.‘;
in only two minutes of electron beam bombardment as :: ::':‘r':‘,
R
evidenced in the L:M:.,sV peak where the ratio of the 411 eV 9"-'.:;‘:.:::::‘,
R
peak to the 417 eV peak shows a reduction of 3.2 to 1. [ A
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Similar results were observed for Ar® ion beam bombardment, o ':
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impractical [36].

Solomon and Baun {34] use Fischer's [35] molecular
orbital, M.0., models to interpret the undifferentiated
titanium oxide Auger LMV spectra of Ti, TiO, and TiO..
Titanium was assumed to be octahedrally coordinated to

oxygen. The difference between the Ti0 and TiO: was

explained by the 2t:s M.0O. level where TiO has two electrons

in this level and TiO: has none. Figure 8 [35] is a quali-
tative molecular orbital energy diagram for titanium octa-
hedrally coordinated to oxygen. The A - G designations
correspond to the labeled spectra in Figure 9 [34].
Comparing the spectra for TiO and TiO:, it can be seen that
the B component in TiO corresponds to the 2t:s -> 2ps/:
transition while the A component in TiO: corresponds to the
2eq -> 2ps/z transition. Solomon and Baun [34] report the
Tivme and Ticav N(E) spectra for Ti, TiO, and TiO.. A
shoulder on the high energy side of the L:::M::M:s peak at
382 eV is present only in the metal spectrum. The TiO and
TiO: spectra show differences in the L:::M::N: and
Li::M2aMss peak shapes with TiO showing an asymmetry to the
low energy side and TiO: to the high energy side.

While Auger line shapes theoretically yield oxidation
state information, stoichiometry conclusions from experi-
mental results may be difficult to make due to the

possibility of electron or ion beam reduction during
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analysis.

Auger peaks can also be observed in an XPS spectrum.
The Auger series typically observed in XPS spectra are KLL
for boron to sodium, LMM for sulfur to germanium, and MNN
for molybdenum to neodymium. The presence of Auger peaks
can aid in identification of the elements present, parti-
cularly if two X-ray sources are available. The kinetic
energy of Auger electrons is independent of the x-ray
energy, while the kinetic energy of photoelectrons is
dependent on the x-ray energy. Therefore, by changing the
X-ray, the photoelectron peaks will move when plotted on a
K.E. scale, while the Auger peaks will remain at the same
energy.

Depth profiling is commonly used to ascertain the
relative oxide thickness of an oxide layer on a metal.
Here, the signal of selected elements is followed versus
sputter time to attain a "profile" of the composition of a

particular depth into the sample.

d. Quantitative analysis

Quantitative analysis by XPS has received a lot of
attention in the literature due to the complexity of what
influences the intensity and shape of a peak. There are
three basic routes to quantitation: a) calculate relevant

terms from first principles, b) use published data bases of

. e e e et et At at . -
N A et -ty --."-." - YT, * - <

L P
oy 'y

;n
L

A X
.. .’l
w8

P
-:i b 'r'\
[

LA VYXY
I
a
Y
f} } "

AL

* 2 2}
» 5 %
PN 4
Lt

N
o

: 4: ." -" A.' a".a.' .
< L ] l. '

4

e
o

/,

¢

P ENI RN
AU L Sty
Pl -'-'f“ |{r
'3 ’ ",
P4
N SRR

'
.
y

'R
. » e 2

P
-

2
"~

31

« v W ¥
R
LS
Py

g w

EATN

S T S WAL TR AT ¥
e g e o A A




correction factors, or c) use locally produced standards. A
combination of these three techniques usually proves most
effective [29]. The following discussion briefly reviews
some authors’® approaches to quantitative analysis by XPS,
followed by the justification for the methods chesen in this
work.

Fadley et al. [37] present a detailed theoretical
discussion on quantitative XPS, taking into account x-ray
reflection and refraction, surface roughness, instrumental
parameters such as x-ray flux and acceptance functions, and
patchy overlayers. Only a small portion of their theory
will be presented here. The number of photoelectrons, dN,
which is emitted per second from a given subshell, nl, of
atoms in a differential volume element with a thickness, dz,
at a distance z below the surface of the sample can be
calculated. These photoelectrons enter the spectrometer
with velocity vectors within the geometric acceptance solid
angle, Q., from an effective area, A., which 1s a projection
of the spectrometer entrance aperture. Figure 10, taken
from reference [37]), is a schematic representation of the
spectrometer geometry. The x-rays impinge on the sample at
an angle, ¢, and photoelectrons leave the surface at an
angle, 6. The kinetic energy of the photoelectron upon
leaving the sample surface is E and the kinetic energy at

the analyzer is E. where E 2 E.. Some basic assumptions are
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listed below:

1) the sample is perfectly smooth and amorphous;

2) the x-ray flux is uniform; E}iﬁt
SN
3) x-ray, £x, and photoelectron, £:(E), attenuation '{ﬁ?ﬁt
'
lengths, or mean free paths, follow an exponential
decay,
4) the xX-ray attenuation length is independent of ¢; and,
5) the photoelectron attenuation length is independent of ‘.
PR :'.-' »
> AR
Fadley et al. [37] present a general expression for the tﬁﬁSf
RACRON
number of photocelectrons: » 2
dN(8) = X-ray flux * number of atoms * :
at depth 2z in volume element RN
\'.-_ .- -,
oW :
@

probability for nl * fraction escaping
emission into Qo in no-loss peak

intensity loss factor * detection
due to retardation efficiency

(4)

sin ¢ £ sin '

dQ ] z
nl * exp ( - - ) *
[—aﬁ——— QoJ [ EE(E) sin 6 }

an(s) = [1,(1 - R) $in ¢ exp (- ——ZF ) ] [p Ay dz]
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where, I. is the x-ray flux, R is the x-ray reflection

coefficient, p is the number density of atoms, d@.:/dQ is
the differential photoelectron cross section for nl sub-
shell, z/sin ¢  and z/sin 6 are the path lengths for x-rays
and photoelectrons, respectively, in the sample, F(E./E) is
the intensity loss due to retardation and D. is the detector
efficiency. This equation can be rewritten and integrated
for a sample with constant atomic density, p, and thickness,

t, to yield the total number of photoelectrons:
N.(6) =C_ %o (1-R)p %l g (E) sing¢ x (5)
° E &

{1 - exp{-t [(1/£xsin ") + (l/EE(E) sin 8)}]
sin ¢ + (SE(E)/Ex) sin ©

where C. is an inclusive term for I., A., $., and Do. This
detailed equation can be simplified by making some further
assumptions. In order to obtain an atomic fraction or
concentration, the number of photoelectrons for a particular
element is ratioed to the total number of photoelectrons
from all contributing elements. Therefore, instrumental
parameters such as I., Ac, R, and Do will cancel when the
atomic concentrations are calculated. It is assumed that
X-ray reflection and refraction can be neglected; therefore,
R=0, ¢ =4, and because £: >> £, sin ¢  will be much

greater than £:/£x: sin 8. This allows the equation to be
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simplified to:

E do

— °) nl t
Nt(e) = CO E‘ P an EE(E) [1 - exp (- EE(E) Sin B8 ) } (6)

or, for a sample of infinite thickness, that is with no
overlayer, equation (6) reduces to:

EO donl
N_(8) =C, 7 P go— £g(E) =N (7)

o
The number of photoelectrons ejected is a function of
instrumental parameters, the energy analyzer, the density of
the sample, the cross-section, and the mean free path.

Powell and Larson [38] present a similar model for
quantitative XPS with a modification of the cross-section
term to include Reilman’'s asymmetry parameter [39].

There has been much discussion in the literature about
calculation of the mean free path or photoelectron atten-
uation length, £(E). The following discussion summarizes
some of the approaches.

Penn [40] calculated values for mean free paths for
elemental solids and compounds using the following equation

for kinetic energies falling in the range of 200 eV < E £

2400 eV:

E
[a (In E + b)] (8)

£ (E) =

LR -',\"I‘:f,('ld‘ Wy

w, ASLS
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where a and b are functions of electron concentration.

Seah and Dench [41] compiled published results and
found a relationship between the mean free path and the
kinetic energy for elements, inorganic compounds, and
organic compounds for energies greater than 150 eV. For a

single element,

-5 4
£ = + 0.41 (aE)™ [monolayers] (9)

n E

w
[00]

[\N]

For inorganic materials

£ = 2170 0.72 (:-‘\E)l/2 [monolayers] (10)
m EZ

For organic materials,

£ = 22— + 0.11 (E)* [mg/m’] (11)

where a is the monolayer thickness defined by
a® = A/(pnN) x 10%* (12)
where p is the bulk density in kg/m*, N is Avogadro’'s
number, and n is the number of atoms per molecule and A is
the atomic or molecular weight. Note that for kinetic
energies in the range used with a Mg anode in XPS, the first
part of equations (9) to (1ll1) are negligible, yielding a
basic relationship of
£ a E" where m = 4 (13)
Wagner et al. [42] used a multipoint analysis on elec-

tron mean free paths of pure materials to find that m ranged
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between 0.65 and 0.75. They found that Penn’s relationship,

equation (8) could be approximated by £ a E*, where m =
0.77. Their experimental data in comparison with the
theoretical calculations indicated that m is not likely to
be as low as 0.5, as found by Seah {41], nor likely to
exceed 0.75, with an average value of 0.66. Ashley and Tung
[43] predicted the value for m theoretically and also found
m to be between 0.65 and 0.80. 1In contrast to Ashley [43]
and Wagner's [42] findings, Tokutaka et al. [44] propose
yet another method to calculate the mean free path with
results agreeing more closely to Seah & Dench’'s [41] than to
Penn's [40]. For electron energies greater than 350 eV, the
mean free path for elements of atomic numbers, Z, less than

24 or greater than 74,

1n £(E) = 12 Eg%?ifg:gg; ( 1.6551 - 0.2890 1ln E) +

(14)
( -3.2563 + 0.9395 1ln E)

with similar equations for the other atomic numbers, where
Q(2) = 2p:/M: with p. as the bulk density in g/cm® and M. as
the atomic weight in g/mol. BRattistoni et al.[45] compare
different quantitative approaches classifying them as first
principle methods [38] or sensitivity factor methods [46].
They give the familiar equation for the current of

photoelectrons, I, as:

. - N " - - D R T S e
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I, = Nyo [ 1+ -2- ( 3 sin® 8 - 1 )] £(KE) exp(-t/€)

(15)
F(KE,E,) T(KE,E,) D

where Na is the number of atoms per unit volume, o is the
photoionization cross-section, B is the asymmetry parameter,
8 is the take off angle, t is the overlayer thickness, £ is
the inelastic mean free path, F(KE,Ea) is the electron-
optical factor, T(KE,Ea) is the transmission function,
exp (-d/£) is the attenuation due to overlayer, and D is the
detector efficiency. They used Scofield’'s cross sections
[47], Reilman’'s B [39], and Wagner s [42] expression for
mean free path with the exponential relationship of £ «
KE° 7. The accuracy of their results using the first prin-
ciple method was explained by the factors, F x T and exp
(-d/£) compensating for each other. As the kinetic energy
decreases, the transmission function, T, should increase the
photoelectron number due to the dependence T a KE-! using
the FAT mode. The overlayer contamination, represented by
exp (-d/£) should attenuate the photoelectron intensity,
causing a decrease in peak intensity with decreasing KE.
The authors concluded that both methods yielded a 10%
average relative error in atomic ratios compared to the
calculated atomic ratios.

The method chosen in this work for atomic fraction

calculation is as follows. The corrected area for the
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AT
element, CA:, is equal to the area for ith element, A., T
L divided by the cross-section, o:, calculated by Scofield
[47), and the mean free path, £:, taken as (KE) ’7°®. If the 55§§SF
analysis was done in the FRR mode, the above number was AT

divided by the KE as shown in equation (16), but multiplied

(] .;‘
by the KE in the FAT mode as shown in equation (17). ! AV

p CA;, = —F 5 %E. (16)

CAi - 1 (17) s'\_._d_x}

The above method was applied to each element detected on the

sample. These were then summed and the atomic fraction

b obtained by ratioing the corrected area to the sum of the

rl®
A

corrected areas for all elements detected. The ratio

}
>~

technique allows instrumental factors to be canceled.

"-’?.:f“'f (X

a4
¢
"l.
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e. Curve fitting ERC 0
RO

The peak width, AE, of an XPS photopeak is dependent on Cﬁﬁixﬁ
N

b the natural line width of the core level, AE., the photon

source width, AE;, and the analyzer resolution, AEa as shown

below:

AE = (AE + A Ep + LE A ) (18)

This assumes Gaussian line shapes for the photoelectron

Py T e
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peaks [29].
The peak width, AE, is also termed the full width at
half maximum or EWHM. When curve fitting XPS peaks using

software provided with the instrument, care must be taken to

&

obtain useful information. The variable parameters are
FWHM, peak position and peak height. By obtaining spectra

of standards, the FWHM can be approximated. The peak posi-

tions can be chosen with some prior chemical knowledge of

LS
“‘l

Lo

the sample composition. Although curve fitting can provide

.\,‘- Y

5N
~

useful additional information pertaining to the bonding

e
states in the sample, over- or mis- interpretation by curve B;x
. Y
fitting must be avoided. e
\','-
o
o
®
£. Angle dependent XPS 3?.
\','- 't
By obtaining XPS spectra of a substrate with a thin .z;
NN
overlayer at a series of take-off angles, 8, the thickness %
.
and patchiness of the overlayer can be calculated from the j}:
-.':\
atomic fractions of a component in the overlayer and of a QE:
S
component in the substrate. The intensity of a photopeak o,
e —
from the overlayer of thickness, t, has been given in Fﬁﬁ
]
equation (6). ﬁﬁﬁ
)
& Y
The intensity of the photopeak from the bulk is given 5&%
o
by equation (19). NS
N
N, ((8) =C_ E/E p do/d2 £(E) { exp (-t/E£(E) sin 8)} (19) ;;Z_-_Zé
[} w ‘\1
ENG
A
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Ratioing equation (19) to egqguation (6), results in equation

(20):

Eo do t (20)
Bulk N»,t(e) _ co E P 4ag £(E) [exp(~ £(E) sine)]
Surface N_(9) E’ .
t o - do'.. - .
Co g P ap E(E) [1 - exp(- g5y 5100))

Equation (20) can be simplified further by making a few
assumptions. First, because of the ratio, the instrumental
parameters, Co, will cancel. By taking N(8) as the area of
the photopeak, E. /E as the energy correction which is
related to (KE)-! in the FAT mode, and p as the concen-
tration, equation (20) reduces to equation (21), with an

aluminum overlayer on a chromium substrate.

Acr KECJ. ! exp[- t

 Ecr terd Cop _ Epy Sind (21)
Apy KEAﬂ. ! 1 - exp[- P :ine ]

_E ar? All C Al Al

With the quantity in brackets on the left hand side cor-
responding to the atomic percent, equation (21) can be

rearranged to equation (22),

AP Cc
Al “Cr t 1
Loq[ =+ 1] = e (22)
APCr CAl EAl sin®

The left side of this equation can be plotted versus 1/sin8

vielding a slope of t/£a:. The above treatment assumes a
42
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continuous film.

For a patchy overlayer, the following refinements are

made:
Surface Nt(e) =y Nt(e) (24)
Bulk N, ¢(8) = N[(1 -v) + vexp(- L ] (25)

EAl sin®

where ¥ is the fraction of the bulk covered by the surface.

Combining equations as before, yields egquation {26),

APCr C

APAl C

(1 -7 ) 4+ Y exp(- - )
_ EAl siné

t (26)
y [ 1 - vexp(- E;I_EIHE)J

Al
Cr

which can be rearranged to yield equation (27),

APCr

°mo,
APp1 Cer _ ot .1
Log\ 25 ¢ = £, sine (27)
Cr "Al _ 1, 1 Al
APAl cCr Y
By matching a theoretical plot of APa:./APc: versus 8, with

the actual data, the thickness and patchiness can be

determined.

3. Secondary ion mass spectrometry, SIMS

When an energetic beam of ions, typically 1 - 4 KeV,

impinges on a solid sample, neutral atoms, positive and

.y
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negative ions are sputtered from the surface {48]). Figure
11 illustrates the processes occurring when the primary ion
beam interacts with the surface [49]. The primary ions
implant into the solid surface and the energy dissipated
causes secondary particles to be emitted. These particles
can be atoms or clusters of atoms, which are neutral,
positively or negatively charged [49]. Usually, only a
small fraction, 0.01 - 1 %, of the sputtered particles are
emitted as charged secondary ions [50]. The ions are then
analyzed by a mass spectrometer, yielding a mass spectrum.
Thus SIMS is simply another method for mass spectrometry,
where the solid surface is of interest.

Depending upon the current density of the primary bean,
SIMS can be static, sputtering fractions of monolayers with
monolayer lifetimes of several hours, or dynamic, where
several monolayers are sputtered per second [48,51]. Static
SIMS requires primary beam currents less than 10 nA/cm?,
preferably less than 1 nA/cm*. [51] Special ion guns and
detection systems are required. The discussion here will be
limited to dynamic SIMS.

With its high sputter rate, dynamic SIMS causes atomic
mixing, thus sharp interfacial boundaries are lost. The
primary purpose of dynamic SIMS is therefore elemental and
isotopic identification [48,51,52). Qualitative analysis

requires proper assignment of the ion species to the

14
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observed peaks, thus some prior knowledge of the sample ;EEE?
( composition is extremely helpful. o
While the ultimate sensitivity in XPS and AES is Eﬁé{
approximately 10°° atomic percent, SIMS is sensitive to 10-°¢ g;sgx
b atomic percent [53]. Depending on the element being Y
ol Pichd
detected and the matrix, SIMS can be sensitive to the ppb géags
level [51]. The limit of detection of silicon, for example, :E%gé;
o is one part in 10° [54]. Unfortunately, while sensitivity ;{
variation in AES can be one order of magnitude from least to :"E:_E-.:
A A
most sensitive, SIMS sensitivity can vary four to five i;%;&?
orders of magnitude, making quantitative SIMS difficult é:xﬁ:
o
Quantitatively, the current detected, I., is a function gsﬁﬁz"
of the concentration of atom X, C., the sputter yield, Sx, 3£{V&
the probability of ionization, P., the primary ion beam ;&ga; '
density, Ni, and an instrumental constant, k, as shown E%gﬁgx
below: [48,55] -‘-.\-"'-\ q
AN
Iy = % Cx Sy Px Ny (28) ::\
G

It is primarily the probability of ionization that causes

-t
- e

the sensitivity to vary four to five orders of magnitude.
The presence of oxygen enhances the secondary ion

vyield, and the probability of ionization due to the

fractional oxygen coverage on the sample’s surface [55].

Therefore, it is sometimes in-bled during sputtering to
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enhance sensitivity. However, when studying oxidized N

>
E’
o

samples, in-bleeding oxygen may cause difficulty in data

@
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interpretation.
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Hayes and Evans [13] have analyzed titanium oxide films

o

with static SIMS. Predominant peaks were observed at 46 to

7,

A
?.

]

s )‘.ﬂ

50 m/z for Ti® isotopes and 62 to 66 m/z for TiO"'. The iso- E?jé?

topic abundance was 8%, 7.3%, 74%, 5.5%, and 5.2% for masses EE%&

46 to 50, respectively. Peaks due to ion impact-induced :ﬂix

fragmentation of adsorbed hydrocarbon contamination were gg;f%

observed at 27, 29, 43, 55, and 57 m/z for C:H»", C:Hs~, s-;é_'{;

CsH,", CeHs", and CsHs*, respectively. Other peaks observed ;gch

were 15 m/z for CH»", 39 m/z for K and 18 m/z for adsorbed g;ﬁﬁ

TN

H:0°. TiH® and TiOH' at 49 and 65 m/z were also observed as Eéﬁa

these peaks exceeded the expected isotopic ratios. %ﬁﬁj

RNl

N

4. Fourier transform infrared spectrometry, FTIR i;gga

a. Infrared phenomenon ,.,.':::

Molecules undergo translational, rotational and vibra- ﬁ%ﬁ&g

PRSNS

tional transitions. The frequency of vibrational transi- :ﬁaf

tions is in the infrared range between wavelengths of 15.4 gg;ﬁ

to 2.5 um or wavenumbers of 650 to 4000 cm ' [56]. The E%;E

wave%ength, A, is inversely proportional to the absorbed gﬁéi

energy, E, as shown in equation (29) [57], gjgg

\ = hc/E (29) :'?.:é

where h is Planck’s constant and ¢ is the speed of light. 5455
]
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The wavenumber, K, is proportional to the absorbed energy as ;QHS&:
W A,
P YSTIAS
™Y shown in egquation (30) [57]. o
L »
K = E/hc (30) o

When infrared radiatioc. impinges on a sample, the groups of
P atoms absorb energy at particular frequencies, v, depending
upon the masses nf the atoms, M« and M,, and the force

constant, k, as shown by equation (31) [57].

1
_ 1 k 2 ~
v Znc M_ M./ (M + M) (31) NGNS
X Y X Y :‘-',‘-"_\_'I_\
&’x;nJ\
NN AT
el

For the vibrational transitions to absorb infrared energy,

Nt
CACE

the vibration must cause a change in the dipole moment of i
the molecule. o
Stretching and bending vibrations are observed in

infrared spectroscopy. Stretching vibrations occur when the

el
NN N
i i i ; A AN
interatomic distance increases and decreases along the bond e e
bR
axis. Bending vibrations involve either a change in bond
) Cf-'.j{-:-;' f
angle between bonds with a common atom or movement of a %Fgﬁ}:
M M
\-' -'_-n.“l
. . [ A )
group of atoms with respect to the remainder of the molecule RPN
TG
AN SN

w

without the atoms in the group moving with respect to each

other [56,57]). Figure 12 schematically shows the stretching

FAr R

and bending modes.

b. Dispersive versus Fourier transform infrared
e gy
s ’ I3 . '3 . -" - ~ ,.~'.Y
In a dispersive instrument, infrared radiation travels RN
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through a prism or grating yielding near monochromatic light
which then travels through a slit to the sample. The
grating or prism moves allowing light of all infrared
frequencies to sequentially radiate the sample. In a
Fourier transform instrument, all of the infrared radiation
travels through a series of mirrors in a Michelson inter-
ferometer to the sample. The Michelson interferometer
contains a fixed and a movable mirror with a beam splitter
which transmits 50% of the light to one mirror and reflects
50% of the light to the other mirror. As the movable mirror
traverses up and back, the light interferes constructively
and destructively with the light reflecting from the fixed
mirror to form a complex summation of cosine waves or an
interferogram [56,58]). This interferogram of light impinges
on the sample which will absorb frequencies depending upon
the molecules and the amount present and is detected. The
interferogram, in the time domain, is then transformed to
the frequency domain and displayed as an intensity vs.
wavenumber spectrum.

There are well known advantages to Fourier transform
infrared over the dispersive instruments. Because only a
portion of the total available light hits the sample in the
dispersive instruments, the throughput is reduced over the

Fourier transform instruments where all of the light

contacts the sample. This "throughput advantage" allows 80
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to 200 times more light to reach the sample than in disper-
i sive instruments. A second advantage is the "multiplex

advantage”. Because information over the entire spectrum is

obtained with each scan of the Fourier transform instrument

instead of one frequency at a time with the dispersive

AT I N 5"
L

& instrument, a much higher signal to noise ratio is obtained
Ft for the same number of times scanned [58)]. Wavenumber
accuracy is also assured with a Fourier transform instrument
due to self-calibration with a He-Ne laser. This enables
the spectra to be coadded and subtracted will little loss of
resolution [59].

There are two types of infrared detectors commonly used

- thermal and quantum and the infrared energy is detected by

. ot

two different mechanisms. A thermal detector detects a ﬁy:
LS

Iy G

change in temperature of the absorbing material, whereas jﬁ:
INas

with quantum detectors, the infrared energy interacts with LMD

l"'
P

'

the electrons in the solid, exciting them to a higher state

s, 4,4
u"{'

Pl UL S Y
u"t"l.i'. k K
'l". .'

A

.'l’(‘l

+

such that the signal is proporticnal to the energy absorbed.

b

The most commonly used thermal detector is a pyroelectric

[ ] o
bolometer, DTGS or a deuterated triglycine sulfate detector. }¥u§
e
The pyroelectric bolometer is a ferroelectric heat sensing ?33}
Ry
material which changes its degree of electrical polarization Tyt
’
when the temperature changes. The resulting electrical 533?
A
signal is proportional to the infrared energy. Quantum {;;-
.'--.‘.‘\
detectors have a higher sensitivity and are best used for era
o
RN
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low signal samples. They are made of semiconductor

> materials such as mercury-telluride and cadmium telluride in
a MCT detector. Because of the semiconductor material,
these detectors must be cooled to liquid nitrogen temper-

> atures so that the electrons can be excited to the conduc-

. tion band and become current carriers when infrared radia-

l tion strikes the detector [60].

E A A
. . T REAP )
c. Techniques in infrared - transmission, diffuse LN
RIS
R SN
EACHMOIC S
reflectance infrared Fourier transform, DRIET, :Ay;fy
o« " o
Ve

photoacoustic spectrometry, PAS, attenuated total

reflectance, ATR, and external reflectance, ER

Five basic types of infrared sampling for solids will
be briefly discussed: transmission, internal reflection,
diffuse reflection, external reflection and photoacoustic

spectroscopy. The infrared beam travels through the sample

- in transmission IR. Free standing films, films coated onto i
‘e

salt plates or pressed pellets are common sample types for i ZH

NS

surface studies. The sample preparation and measurement can u;}:;ﬁ:

NGNS

be relatively easy. The sample must allow the beam to pass

2
ol ®

e
s

through it without too much loss of intensity. In some

L,
)
‘S:‘:’.

e

7'’
Ay

A.
L A4
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cases, the path length of the sample is difficult to h

ﬁ,"
z,
0
i [ 3
A

determine, making quantitation impossible. o
The internal reflection technique commonly used is

attenuated total reflectance or ATR. Samples such as
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polymer films, oils, or gels are coated onto a crystal of
high refractive index such as germanium or thallium bromide-

thallium iodide. When the angle of incidence of the light

reflection occurs through the crystal [59]. Because the

]

|

'

]

»

)

i is higher than the critical angle for the crystal, internal
é sample is coated on the outside of the crystal, the

radiation is attenuated by the absorption of radiation by

the coating. The sample must be in intimate contact with

L
(]

the crystal for good quality spectra to be obtained.

»
L)

o

y o
),

When the particle size of the sample is comparable to

the wavelength of radiation, the incident light is absorbed, Qﬁi
.\’- o
-\ -

refracted and diffusely reflected [59]. The diffuse reflec- ROAYY
R

tance technique, DRIFT, uses externally reflected light if.:

which is scattered by the sample, collimated and detected. Lo
Powders and non-reflective, scattering samples are best -~

analyzed by this technique. The sample preparation is

usually simple and samples can be diluted with KBr to obtain Eﬁzr

the desired signal intensities. The spectra are, however, Z;%?i

difficult to quantify. féiﬁ

P _

Although the detector is different in photoacoustic ﬁ}ﬁf

S e

spectroscopy, or PAS, the sample types and resulting spectra EEE&

are often similar to DRIFT. When infrared radiation E::ﬁ
’

impinges upon a sample, the samples are heated. The thermal E;E:

expansion of the surrounding gas from this heating can be g&éé

detected with a microphone and is related to the atomic 13?2

s
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vibrations. Sample types are typically powders or samples
too reflective for DRIFT and not reflective enough for
external reflection infrared.

Specular reflectance spectroscopy is used to study thin
films on reflective metal substrates and monolayer and sub-
monolayer coverages can be detected. The principles of this

particular technique are the subject of the next section.

d. External reflection infrared

Specular reflectance is used to study near monolayer to
submonolayer films on reflective metal surfaces [59]. At
non-normal angles of incidence, a phase change in the light
occurs upon reflection depending on the angle of incidence
and the state of polarization, thus changing the sensitivity
[61,62]. When the angle of incidence is nearly normal to
the reflective surface, close to 0°, the incident and
reflective waves recombine to form a standing wave. This
standing wave will have an electric field with a node at the
surface. Therefore, there will be no interaction of the
incident radiation with the film on the surface [61]. Thus,
large angles of incidence, nearly grazing the sample, yield
the best results [62].

The state of polarization also affects the resulting
signal. When light is polarized perpendicular to the plane

of incidence, there is a 180° phase shift in the incident
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light. This occurs at nearly all angles of incidence [61].
Because the phase change is 180°, the interaction of the
incident and reflected light causes a standing wave with a

node at the surface. Thus, no spectral information about

the surface can be obtained [62,63]. In contrast, when the

AR
e

light is polarized parallel to the plane of incidence, the

«
a'x
‘I

RSN

&

phase shift changes rapidly at high angles of incidence

e

[61]. An elliptical standing wave results with an electric :‘_‘5:-’\
vector perpendicular to the metal surface [61,63]. This can Eg;i?
improve sensitivity up to 25 times [64]. The absorkance Séi&
varies linearly with thickness, d, up to a 4/ of 0.0004 %;Ei
where ) is the wavelength of light. The absorbance, A, 'i?ti
depends upon the refractive index and the extinction coef- gxig'
ficient of both the metal and the film, and will decrease Sj

NN
with increasing refractive index of the film, n: and E&f

"

‘v
increase with increasing extinction coefficient of the film, <L

k: . The absorbance will also increase with increasing

1};

-

extinction coefficient of the metal, ki, and is not

AN

sensitive to the refractive index of the metal, n: [61}].

Problems exist in the quantitation and peak identi-

fication in specular reflectance due to peak distortions and

b T B e e it

e
a'r

peak shifts [62,65]). Because the electric fields at the

surface differ for different frequencies, the reflection

e
i

A
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bands will be asymmetric [65]. For thin films, less than

rd (":':'-
qégﬂ
vy,

100 nm, the peak maxima will shift to a higher frequency
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compared to a transmission spectrum {65]). This occurs for

bands with v = 20 cm* and for k: > 0.1. For sharp bands,

v¥ < 5 cm?, less shift will occur. For absorption bands
where k: << 0.1, the spectrum will be nearly identical to
the transmission spectrum; however, the intensities may

differ. For monolayer or very thin films, the peak maximum
will always be shifted to higher frequencies. Finally, as
the thickness of the band increases, the distortion effects

will change more rapidly for higher frequency bands [65].

e. Peak identification

In order to interpret the interactions occurring at an
interface, the infrared absorbance peaks must be correctly
identified. The following is a compilation of peak posi-
tions reported in the literature for the functional groups
of interest in the study of alkoxides and a diglycidal ether
of bisphenol A, or a DGEBA based epoxy.

There are some general rules in peak assignment.
Stretching vibrations require more energy and are therefore
observed at shorter wavelengths or higher wavenumbers than
bending vibrations. Triple bonds are stronger than double
bonds which are stronger than single bonds for C-C, C-N, and
C-0 with peaks occurring between 2300 - 2000 cm '; 1900 -
1500 em"'; and 1300 - 800 cm ', respectively [57].

One of the most readily identifiable regions is the C-H
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stretching vibration region in the 2975 to 2840 cm ® range.
The CH, asymmetric stretching vibration occurs at 2975 -
2950 cm" ', resolved from the CH: asymmetric stretching
vibration at 2930 cm !. The CH:; symmetric stretching region
occurs at 2885 - 2865 cm”! with the CH: symmetric stretching
region at 2870 - 2840 cm ?* [66]. In addition to the CH: and
CH: stretching vibrations, -CH: - wagging, twisting and
rocking vibrations are observed at 1150 - 1450 cm * {67].

Water and CO: can be observed on samples, usually with
incomplete purging of the sample chamber. CO: can be ident-
ified by a doublet occurring at 2363 and 2334 cm"!. Water
absorbs, in addition to the -OH stretch at 3710 cm !, at
1600 - 1650 cm ! from the scissors deformation vibrations
{57,68,69].

The -OH stretch frequency occurring in the 3800 -
3300 cm"? region depends upon the association of the
hydroxyls. Free, unassociated alcoholic -OH groups absorb
as sharp bands at 3610 cm ' whereas polymeric -OH groups
absorb as broad bands around 3300 cm"! [57]. Surface
hydroxyls on TiO: show stretching frequencies at 3730 -
3715, 3660 - 3650, and 3420 - 3410 cm'! [70,71]. The
stretching frequency of hydroxyl groups on alumina surfaces
is related to the net charge on the -OH group. Hydroxyl
groups in a coordination sphere of tetrahedrally coordinated

Al** will absorb at 3760 - 3800 cm ' while -OH groups shared

W Q2620 O Gt LAY Ol Gh R



_'HHHHm!mI!!ﬂﬂumuvuvvvmwwmmmmmmwwwwwnnwwnwnn“"g .............

by octahedrally and tetrahedrally coordinated Al1"* will
absorb at 3700 - 3750 cm ! ([72].
Library spectra provide a beginning for peak identifi-

cation in that they allow one to compare peak positions of

the library spectrum to the actual data obtained in the lab.

\
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Once agreement is attained, peak identification follows.

o
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Library spectra of tetra iso-propyl titanate, TIPT, and

7
)

D,
tetra n-butyl titanate, TNBT, have been published by Sadtler j&.\
PG O
[73,74], and are shown in Figure 13. Peak positions, as Q?ﬂ&;:
:\"\.;-.f,
read from the spectra, are listed in Table I1I1I, along with 2&;}
alatx

other series of peaks reported for TIPT [75,76]. The iso-
propoxy groups in TIPT have characteristic bands at 1160 -
1175 em" ', 1120 - 1140 cm !, and 1110 cm * [75-77]). These
bands have been attributed to isobranching, alkyl absorption
induced by the oxygen and O-C stretch, respectively [76]. A

doublet is observed at 1375 and 1365 cm ! due to the gem-

dimethyl structure of the isopropoxide [75,77]. N-butyl
groups in TNBT have been observed at 1150, 1125, and

1075 cm~* [75,76], attributed to normal paraffinic absorp-
tion, induced alkyl absorption and C-O stretch, respectively .!~ ZL«
[76]. Bands have also been reported at 1190 and 1025 cm ! |

[77]. The (C-0O)M stretch is observed at 900 - 1150 cm'?®

(75,77,78]. 1In correlating the C-0O stretching fregquency of ~. (

an alcohol and its corresponding alkoxide, the frequency
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Sadtler IR spectra of

Figqure 13.

{33830K), and of

TIPT,

Titanium (4" ) salt,

(15547K) [73,74].

TNBT,

butyl titanate,
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TABLE III

IR Peak Positions in TIPT and TNBT Spectra [73-76]
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will be lower in the alkoxide [78]. The degree of shift of
the (C-0)M peak has been attributed to the nature of the
alkoxide group, but no relation to the mass of the metal
atom has been observed [(75,77]. Both secondary propyl and
secondary butyl C-0 stretches absorb at 1105 cm ! and the n-
butyl C-0 stretch absorbs at 1075 cm * [79].

The Ti-O stretch in TIPT is reported at 619 cm ' (78],
while in TiO: the band is reported at 840 cm * ([64]). For
anatase TiO:;, the Ti-O stretch is reported at 811 cm ' and
at 603 cm" ! for rutile TiC: [80].

A library spectrum for sec-butyl aluminum alkoxide,
designated as E-8385, is also available [81] as seen in
Figure 14, with the peak positions read from the spectrum
listed in Table IV. Less peak identification information is
available for the aluminum alkoxide. Barraclough [78]
reports bands above 1000 cm"* due to the (C-0O)M stretch and
five bands from 539 - 699 cm ' due to (Al-0O) stretch, while
Wilhoit reports an Al-O-Al stretch at 935 cm ' [{77]. Two
Al-OAl stretch absorptions can occur depending upon their
orientation. If the transition moment is normal to the
surface, the Al-OAl stretch will occur at 960 cm ', whereas,
when the transition moment is parallel to the surface, the
Al-OAl stretch will absorb at 650 cm ' [82].

Information from the infrared spectra of aluminum

oxides can also prove useful in peak identification.
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TABLE IV

IR Peak Positions in E-8385 Spectrum [81]

E-8385
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a-Al20: shows well defined bands between 740 and 541 cm !

characteristic of 6-~coordinated Al while diffuse bands
between 1000 and 500 cm ' result from disordered alumina
tetragonally coordinated [83]. The Al-0-Al stretch has also
been reported at 800 cm~ ' [84].

In addition to studying the infrared bands on alkoxide
surfaces, the infrared bands from an epoxy surface are also
of interest. To gain a better understanding of the epoxy/
alkoxide interactions, EPON 828 with an aromatic amine
curing agent was used. DGEBA epoxy resin has been well
characterized by IR in the literature. A compiled list of
the identified peaks found in the literature for the resin
is in Table V {85-87]. BRands have been reported for EPON
828, a DGEBA resin, at 1608, 1510, 1250, 1184, 1035, and
832 cm" ', as well as the epoxy band at 915 cm ! [87].

The cross-linking agent used with EPON 828 is diamino
diphenyl sulfone, DDS, whose structure is given in Section
II.G. As this primary aromatic amine becomes a secondary or
tertiary amine upon cure of the DGEBA epoxy, peaks corre-
sponding to primary, secondary and tertiary aromatic amines,
and secondary and tertiary aliphatic amines must be fol-
lowed. Usually, the C-N stretch of primary and secondary
amines absorbs at 1090 - 1020 cm *, and 1190 - 1170, 1175 -
1130 cm~ !, respectively. However, because the electron pair

on the nitrogen conjugates with the aromatic ring, the C-N
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TABLE V

IR Peak Positions and
Assignments for DGEBA

DEGBA Peak
(cm_l Assignment
3603 -OH str.
3077 C-H asym. str. CH3
2963 C-H asym. str. —CH2
2909 C-H sym. str. CH3
2857 C-H sym. str. ~CH2
1613 substituted aromatics
1587 substituted aromatics
1515 substituted aromatics
benzene ring str. [86]%*
1370 methyl gp
bend of gem-dimethyl [86]
1250 aryl-0 str.
C-0-C asym. str. [87]
1184 C-H inplane def. [87]
of isopropylidene gp [86]
1103 phenyl ether
1076 substituted aromatics
C-0 str. [86]
1031 substituted aromatics
C-0 str. [86]
C-0-C sym. str. [87]
1013 substituted aromatics
917 epoXy gp
865 epoXy gp
833 out of plane bendirng of
p-disubstituted benzens ring
[86,87]

* Others not labeled are [85]

T o X AT AN AT A TR o T A0 (a0 e
e O M e e e Y

NS

N A
2

65

N

o ¢

= on
-
.
oL ‘:“
Ay

5o T e
e,

-

A

s
P’
[d

ff.
' %
L
'

TS Y

L
Lah

i

.-
s
[ 4
/ &

s
R



Mmr‘w““ FEmwEmmEmm ) ‘-:".l:
L PN
::‘, ;;‘e
®
WS,
g r".;\::’
Pl
] ?'s’:.:s.
bond develops double bond character, thus increasing the ;&f?i
o’ "
frequency of absorption. The C-N stretch of primary and
D
secondary aromatic amines occurs in two bands at 1360 - 1250
and 1280 - 1180 cm !. Tertiary aromatic amines absorb at
1380 - 1330 cm~ . [66]
b

The N-H stretch vibration will occur in two bands for
primary amines at 3520 - 3450 and 3420 - 3350 cm"!. Second-
ary amines show one band at 3400 - 3300 cm"!. The N-H
deformation vibration will absorb at 1615 - 1580 cm™ ' for

primary aromatic amines. For primary aliphatic amines, the

deformation band occurs at 1650 - 1580 cm”' and secondary
amines absorb with a weaker band at 1580 to 1490 cm . Care
must be taken in peak assignment in this region as aromatic
ring absorption also occurs in this region.

For organic sulfones, the 0=S=0 asymmetric stretch
occurs at 1360 - 1290 cm ! and 10 - 20 cm™* lower in the
solid phase, often in more than one peak. The symmetric
stretch occurs at 1170 - 1120 cm ' or at 1180 - 1145 cm ! in
the solid phase. The sulfone scissors deformation vibration

occurs at 610 - 545 cmt.

C. Surface Energy of High Energy Surfaces
In a liquid, the molecules in bulk are equally

attracted to one another in all directions. At the surface

e
of the liquid, however, there is an unequal force of o
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' attraction causing the liquid molecules to pull inward

towards the bulk liquid. This phenomeron gives rise to a
drop s spherical shape. The surface free energy of the

? ligquid is the energy required to reversibly and isothermally
Y

«)

increase a unit area of surface. When a liguid drop con-

tacts a solid surface, the drop will assume a particular

)
W
N shape due to the interaction of the liquid with the surface.
L) R
’ This balance of forces is shown schematically in Figure 15 ‘.
; and is explained by Young s eguation below.
\
d
& YSV =Y SL + YLv cos 8 (32) Y
Ny
: AR
T
o where Ysv is the surface free energy of the solid in ::P
- Loy
n, -.\)\
N equilibrium with the vapor; Ys: is the interfacial energy of 233
P -
- the liquid/solid interface; Yi.v is the surface energy of ’ "<
[\ :-"f
:' the liquid/vapor interface; and 6 is the contact angle of ;:
W iy
b the liquid on the solid. The air interface can be replaced ft .
l. Cal l
¥
by a liquid interface to yield an interfacial contact angle '::;
: ’ I‘:.- N
P, measurement. This liquid/liquid/solid contact angle Taitn
| '(- _}.
f' approach, used by Peper and Berch, Tamai et al., and p{.
' Hamilton, [88-90], was the basis for the determination of ':*‘J
~
* [N
é the surface free energy of high energy surfaces such as mica jﬁ
»
§ r
and aluminum by Schultz and coworkers [88,91,92]. Here, a ﬂ;
S
'. L
: high energy solid was immersed in an alkane and the contact ";cwﬁ
! NS
} angle of a water drop on the immersed surface was measured. i:f?
A
i In this case, Young’'s equation becomes :: "
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Schematic diagram of the balance of forces when

a liquid contacts a solid surface [128].
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where Yss is the solid/hydrocarbon interfacial energy; fsw
is the solid/water interfacial energy; 7's« is the
water/hydrocarbon interfacial energy; and 8sw,x is the
interfacial contact angle. The solid/liquid interfacial

energies can be defined as

: _ D%
I’SH = YS + YH Z(YS Y’H) (34)
_ . D.D3 P
Tsw T Vs tVy - 2007 Tow (35)

where ¥s is the surface energy of the solid; Y=z is the

surface energy of the hydrocarbon; Y®s is the dispersive

v
o

. . ®

component of the surface energy of the solid; Y« is the o
oA

surface energy of water; Y®sw is the dispersive component of AT
F‘-'\J'
)

o2,

the surface energy of water; and I®sw is the polar

interaction parameter.

pos
For "real" surfaces such as pretreated Ti-6-4, E?&
corrections for roughness and porosity must be made on the Eﬁﬁf
measured contact angles. A roughness coefficient, r, can be SSESw
obtained by first coating the pretreated surfaces and a ;:db
smooth glass surface with gold. The contact angle of %553
formamide can be measured on both surfaces. By ratioing the ) %:E:i
cosine of the contact angle on titanium, 8::, to the cosine Eé?&gi
of the contact angle on glass, 8,, the roughness coefficient :§E;§E

( {
e,

L

",‘.
(g h
%

69

o
"’

o
7t

4

%S
L4

.'v(‘
4%
%

' ‘:'
/,
’

@

[
.f..l ’ g
'y “a
LA 7

.
P

4
7

o,
- LN ‘{;J‘.‘-'."

-

R N A L
\ "‘

“

"v
a
L4

T S A A AL SN N

T DM R €




. : Ca®e ®aa a’ ALY
R It W U T, Dk S Lt LRIV WAy * 0 Y Ny

can be calculated as shown in eguation (36).

cos eTi

—_—— = r (36)
8
cos g

The contact angles of water drops on pretreated Ti-6-4
obtained using the interfacial technique, 8., can also be
corrected for roughness by equation (37) yielding a contact

angle, 6., for a smooth surface.

cos er
E— = c¢os es (37)

The correction for a contact angle measured on a porous
surface, 8r, requires a measure of the area of the surface
covered with oxide and the area covered with pores, h.
Equations (38) and (39) show the correction for the contact
angles measured on a porous surface where N is the number of

pores per square centimeter and R is the average radius of

the pores.

cos 6
__.?.2_ + h
cos Bs = T —h (38)
_ 2
h = N(mR™) (39)

By equating equations (33) and (34) and then
substituting equation (35) for Ysw the following relation

develops
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[V = Vg * Yueos8gl= 2(78) [(YQ) =~ (7)1 + 15, (40) .,
y7n
By measuring the contact angle of water on the desired solid QS
“

fﬁ

surface, immersed in a series of alkanes, the dispersive an

]
polar component of that solid surface can be obtained
graphically. A plot of the left side of equation (40)
versus the bracketed part of the right hand side yields a °
slope of 2¥’s and an intercept of 1°sw. This approach is 3
]
kased on the assumption that the water drop will displace §
-
the hydrocarbon from the solid surface [88]. A prediction .’3
for displacement can be calculated by equation (41) where
displacement occurs if the inequality holds [93].
P D% _ b 5 _ Dk
Igw > 200rg)® = (Y71 L™ - (17 (41) °
The polar component can then be determined by using either
the geometric mean, equation (42) or the harmonic or °
A
reciprocal mean, equation (43) -ﬁfﬂ
s
N
P
P —_ P P 1/2 nta
ISw = 2(YWY S) (42) o !
P_P R
i A ARY (43) ALS
sw = P P R
%) S 55
’:VSI
The use of the geometric mean for the dispersive .5¢,
component has been a point of continuing discussion in the :j%i
N
literature since Fowkes first proposed it [94]. Others have Bl




also chosen to use the geometric mean and empirically showed
its validity with polymer surfaces. Wu [96] has shown that
while the geometric mean empirically works for nonpolar
polymer systems, it is not applicable to polar/polar
systems. He proposes the "reciprocal mean” or the harmonic
mean, for the dispersive interfacial energy and for the
polar interfacial energies. For the polar or non-dispersive
interfacial energies, the geometric mean did not give
accurate results. Although Wu uses the reciprocal mean,
Schultz et al. [89] showed the geometric mean for polar
components of the surface energy of mica empirically fits
the data, while the harmonic or reciprocal mean does not.
Once the dispersive and polar components are obtained,
where Y= Y* + Y?, the surface energies can be used to
calculate the thermodynamic work of adhesion between x and y

using the Dupre equation:

Wy =Y +Y_ =Y (44)

The work of adhesion of an epoxy/Ti-6-4 bond in air and
water can be calculated by equations (45a) and (45b),
assuming values of 37.2 and 8.3 for Y°: and Y®: of the
epoxy, respectively [97].

D D

P Pk
i E )72]

Wa = 20 (voy )+ (Yo vh (45a)
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) D D% _ P P% _ .DD3 "
Wa = 200y = Opymg)™ = OpgTy) " - Cgrg) ™ - (45b)
PP . D .DY . PP
Cgrw ™ * Upg'g)” * Uigy )™

D. Acidity/Basicity of Solid Surfaces

Two important intermolecular interactions are London
dispersion forces and electron donor-acceptor or acid-base
interactions with H-bonding falling into the acid base
category [98-100]. 1In adhesion science, understanding the
acid-base interactions between metal oxides and primers or
polymer adhesives, will aid significantly in first
explaining existing data and secondly in designing better

bonds.

A metal oxide surface is covered with hydroxyl groups

and molecular water as depicted in Figure 16 [99]. How the

hydroxyls are bound to the metal oxide, will determine their
acidity (see Section A.2) and thus how the oxide surface

interacts with the polymer. In hydrothermal durability

studies, a third issue comes to play, namely the mechanism

of water displacement. Here, water reaches the interface

and disrupts the bonds between the polymer, HXR or XR, and

the oxide, MOH, as shown below [99]:

H H (46)
M-O - - - HXR + 2H,0 <-> M-O - - - HOH + H,0 - - - HXR

(47)
M-O-H - - - XR + 2H,0 <-> M-O-H - - - OH, + HOH - - XR

N N Y N I L s
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Additional M0 surface layers.
Thickness depends on lampera- s
ture and relative humidity. .'b"'o"

Dots indicate hydrogen bonds 0 o0 D.p-0
First H,0 surface layers . b °-.j o a Oo— ’Qb.bb.--O
tightly bound Y - RN - 2
Surface hydraxyl groups "~~~ —" R A A T
T JM! IM\ IK ”\ M\
Metal oxide layers. 00 Qg Q9 o ¢ Q$’°M
Actual thickness and structure 5
depend on metal substrate J\
W !
Crystalline metal substrate M M M M M M
M M M M M
M M M ] M M
M M M M M
Key:

M - Metal Atom, O - Oxygen, - O« -OM, € - K0

Figure 16. Schematic representation of water

layers on a metal surface [99].

and oxide
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where X would typically be O, S, or N. Bolger [99] suggests

that there is an optimum concentration of polar groups on

N

Y

the polymer so that an equal match occurs between the acid-

s

base groups of the oxide and the polymer.

Indicator dyes can be used to determine the relative
acidity/basicity of a surface. First a brief introduction
to solid acids and bases will be given, followed by a
description of a common chemical group of indicators.

The acid strength of a solid is its ability to convert
an absorbed neutral base to its conjugate acid. If this
reaction takes place via proton transfer (BrOnsted acidity),

the acid strength can be described by the Hammett acidity

function, H.:

Ho = -log ay- fB / fBH‘ (48)
or
Ho = pKp * log [B]/[BH" ] (49)

where ar- 1s the proton activity, £ is the activity
coefficient, [B] is the neutral base concentration and =¥
is the conjugate acid concentration [101,102]. If +:.-

reaction occurs by transfer of an electron pa.r

acidity) from the adsorbate to the surface,

follows [101,102]:

H = -log a, <.
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The basic strength of a solid surface is the ability to
® convert an adsorbed electronically neutral acid to its
conjugate base, or the ability to donate an electron pair to

the adsorbed acid. When the adsorbed acid is an indicator

PY dye, a reaction such as:
AH + B <-> A~ + BH' (52)
PY where AH is the indicator dye and B is the solid base. The

basic strength of B can be defined by:

H, = pK, + log [A"]/[AH] (53)
c where [A"] is the basic form and [AH] is the acidic form of
the indicator [101].
The color of the indicator dye is an indication of the
® acidity/basicity of the surface. If the indicator dye is
the color of the acid form, H. is equal to or less than the WON
pKa of the indicator. The lower the pKa and the lower the '
® H., the more acidic the surface [(10l]. By selecting a %&?\ﬂ
series of indicators, preferably from analogous chemical E:?:'{:i.'
groups so that the mechanism of color change is the same, :::4:":;
¢ the acidity/basicity of the surface can be bracketed. %T:f"'i
To as. a number to the acidity/basicity of a :'2&.:":\'.-:
surface, severa. assumptions need to be made. For example, X
¢ the first change in color is perceived when 10% of the %:25§
indicator is in its basic form, :ﬁgggs

TN

2

[A"]/[AH] = 0.1/0.9 = 0.1 (54)
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A further increase in intensity is only perceived after 90%
of the indicator is in its basic form or,
(A" 1/[AH] =

10. (35)

H., for the initial change, is equal to pKa - 1 and for the

final change is equal to pKa + 1. The assumption, then, is
that the intermediate color change occurs when 50% of the

indicator dye is in the basic form, or
(A" ]1/[AH] = 1 (56)

so that Ho = pKs, and the value of the basic strength of the

surface is the pKa. This assumption will be used in this
study. Another assumption will be that the indicators do
not distinguish between BrOnsted and Lewis acidity and the
measured acidity will be the sum of both types.

One chemical group of indicator dyes is the sulphone-
phthaleins which are often used because of their sharp color
changes and good intensities [103]. Figure 17 shows a
series of sulphonephthalein indicator dyes with the pKa
values listed below each structure. As compared to the
parent compound of this group, phenol red, whose forms are
shown in Figure 18 [103], these are in their acid form. The
ease in which they convert to the base form is controlled by
the substituents on the phenyl rings. Halogens, such as
bromine, are electron withdrawing groups, whereas -CHs
groups are electron donating. For example, on bromophenol

blue, the bromines withdraw electron density from the -OH

'-“ 5‘.‘
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Br Co Br cZ, Br
N ~N
Bromophen()l Blue Bromocresol Greeﬂ
3.0-46 38-54
CHa CHs Br Br
HO o HO CHs CHjy OH
Br c/ Br H3C—(':H f N\ c / f CH-—CHj
1
, CHs TO_  CH
SO3H SO,
Bromocresol Purple Bromothymol Blue
52-68 6.0-7.6
HO CH3 CHj 0]
HsC .CHa
TSue Y% cH
CH; ¢ CHj;
SO3H
Thymol Blue
1.2-28,80-96
Figure 17. Series of sulphonephthalein indicator dyes

[103].
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groups, making it easy for the proton to be donated,
changing to its basic form. Thus, bromophenol blue has a
lower pKa than bromocresol purple where one bromine has been

replaced by an electron donating group, -CHs.

E. Adhesive Bonding
1. General discussion

Adhesive bonding offers advantages over conventional
means of fastening, such as welding or riveting, due to the
better strength to weight ratio, uniform stress distribution
along the bond line, and corrosion resistance. While
adhesives are now being used to join materials in load
bearing structures, the problem of bond durability in hot,
wet environments still exists. Water in the glue line may
change the properties of the adhesive, as water plasticizes
the adhesive, causing a decrease in strength {104]. The
adhesive/adherend interface is also affected by water.
Sargent and Ashbee [105] used an interference technique to
measure the swelling of an epoxy/titanium bond. As water
enters the bond line, water solubles in the adhesive can
collect in areas of delamination at the interface. Because
the chemical potential of water in the pockets is lower than
the surrounding water medium, the pressure of the inter-
facial liquid increases causing expansion of the delami-

nation zone and ultimately failure.
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The deleterious effect of water on an adhesive bond can
also be explained by water hydrolyzing physical interactions
and/or chemical bonds between the adhesive and adherend,
decreasing joint strength [106]. Natan and Venables [107]
believe that the oxide layer on an adherend, such as
aluminum or titanium, undergoes a transformation in the bond
line which causes destruction of the adhesive/adherend
interface while Kinloch and others [108] suggest the oxide
transformation occurs after delamination of the adhesive
from the adherend. Gledhill and Kinloch [108] measured both
the fraction of interfacial failure and the fraction of
corrosion with time in different water temperatures for
steel/epoxy bonds. They found that the activation energy
for interfacial failure was similar to that of diffusion of
water into the epoxy, while the activation energy of
corrosion was much higher. Thus, the debonding was caused
by the water at the interface not by corrosion of the steel.

The "weak boundary layer” argument has also been used
as the scapegoat for poor bond durability. At the
interface, the adhesive may undergo a cross-linking
different than in the bulk, causing a layer with weaker
mechanical properties. Brockmann and coworkers [109] show,
by TEM of microtomed aluminum/epoxy sections, bright areas
at the interface indicating a lower density material. The

adhesive at the interface has a lower density because it is
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not as highly cross-linked.
) Poor hydrothermal durability has thus been attributed

to osmotic pressure of water in delamination zones, to
4
)

R

hydrolysis of physical and chemical bonds between the SR“?*‘
SN 0

> adhesive and metal oxide, to transformation of metal oxide,
to diffusion of water into the adhesive, and to weak
boundary layers formed between metal oxide and adhesive.
» Structural adhesives are usually highly cross-linked,
high modulus, low creep, but brittle materials [108,110].
The adhesives are, therefore, modified or "toughened" with
' elastomers which phase separate upon cure. This phase
r separation allows the adhesive matrix to maintain its high
modulus, while the elastomer toughens the "composite"
b material. The toughening mechanism is thought to occur
because of the larger crack-tip deformation zone in tough-
ened adhesives compared to brittle ones. The crack-tip is
b blunted, decreasing the local stress concentration at the
crack tip, thus requiring higher loads to fail the material
[110]). Because of the rubber modification to the brittle
L adhesive, the fracture energy of the adhesive bond now
depends on the bond line thickness. The amount of adhesive

used to join two materials will affect the strength of the

bond. Bascom shows the effect of bond line thickness on
fracture energy in Figure 19. For bond lines thinner than

the optimum, the size of the crack-tip deformation zone is
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restricted, thus limiting the toughening mechanism of crack-
) tip blunting. When the bond line is thicker than the

optimum, high stress fields can form well ahead of the crack
tip and extend down the bond line, yielding a lower fracture

} energy [110].

2. Roughness and pore penetration

) Fowkes [94] has shown, using a simple interparticle
interaction calculation that by van der Waals forces alone,
the ideal bond strength for a given area of a polyethylene/
) iron interface far exceeds any measured tensile bond
strength. While theoretically a rough adherend surface may
not be necessary, other considerations in addition to
adhesive/adherend interactions, such as van der Waals, must
be taken into account. For example, the moduli of the
adherend and adhesive may be different, causing stress
concentration at the interface. 1If the adherend is rough-
ened, the stress may be better transferred from adherend to
adhesive [111,112]. Roughening the adherend surface can
provide a surface with contaminants removed, increased
surface area, miniature scarf-like geometries and enhanced
spreading of the adhesive. Undesirable features such as
abrasive particles remaining on the surface and incomplete

wetting of the surface by the adhesive may also occur with

roughening the adherend surface [112]. Incomplete wetting
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can cause air to be trapped between the adhesive and the
adherend, providing stress concentrations at the interface.
The penetration of adhesives into crevices and pores on
an adherend surface has been a concern of many adhesion
scientists. Brockmann and coworkers [113a] showed using TEM
and EELS that the primer penetrated the aluminum oxide
pores. However, if only the smaller molecules enter the
pores, a different cross-link density will occur perhaps
causing a weak boundary layer. In addition to experimental
techniques such as microtomy with TEM, fracture analysis by
STEM, XPS, and AES with depth profiling, the depth of
penetration of an adhesive into a porous structure can be
calculated. The epoxy will penetrate a cylindrical pore
until the back pressure of trapped air in the pore equals
the capillary driving force of filling the pore. The
distance of penetration, x, will depend upon the length of
the pore, L, the radius of the pore, r, the surface energy
of the epoxy, Y.v, the contact angle of the adhesive in the
pore, 8, and the atmospheric pressure, P, as shown below
[113]):
PA r

(57)
2 YLV cosB + PA r ]

X = L [ 1l -

3. Wedge test

In adhesively bonded structures, there are three basic
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modes of failure as illustrated in Figure 20. Mode I is
opening or cleavage, Mode 11 is forward shear, and Mode 11II
is sidewise shear or torsion. A Mode I environmental test
is capable of distinguishing between adequate, marginal and
poor pretreatments. Marceau and coworkers proposed a varia-
tion of the uniform double cantilever beam test - the wedge
test [114]. 1Instead of a constant load, being applied to
the double cantilever beam sample, a constant displacement,
namely the wedge, is applied to the wedge sample. G., the
strain energy release rate, takes on a different meaning.
For the constant load, double cantilever beam test, G. is
the energy required for crack propagation; whereas, for the
constant displacement or wedge test, G: is the energy for
crack arrest. As the crack length increases, the strain
energy release rate or G: decreases, thus yielding a
potential for defining "threshold values" for G: [114]. G:

is calculated for the wedge test as shown below [114-116]:

2 3 2 2
6, = y* M h”> (3 (a + 0.6h)“ + h®) (58)

16 ((a + 0.6h)° + ah®)?

where y is the displacement at load point or the wedge
thickness, a is the distance from load point to crack tip, h
is the height or thickness of the adherend beam, and M is
the modulus of the adherend beam. The terms ‘h? " and ‘ah?®’
serve as the shear contribution to the elastic energy of the

adherend. An empirical average correction for the rotation
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Figure 20.

Basic loading modes [114].
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of the adherends ahead of the crack tip is made by the 0.6h
term [116]. Equation 58 is valid only if the adherends

deform elastically. 1If the adherend surface strain, &, is

given by: kﬁ‘
e
e
¢ = 36 (59)
Mh

then, the adherend bending will be elastic only if

Mht2
G < 3Y (60)

where ¢*;, is the adherend yield strain [116].

Results of the wedge test have correlated with in-
service experience. Marceau et al. [114], cut wedge, lap
shear, and climbing drum samples from aircraft panels which
had both failed and remained intact in-service. While
neither the lapshear test or the climbing drum test samples
correlated with the inservice performance, the wedge test

showed similar trends to inservice failures.

4. Lap shear test

Shear properties of adhesives are tested by tension
loading in the lap shear test. ASTM-D1002-72 describes the
requirements for the test [117]. 1In reality, the lap shear

geometry tests by both Mode I and Mode II, due to the stress
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concentration at the edges of the overlap [114]. Figure 21
shows the deformation of the lap shear joint when a load is
applied. The shear stresses in the joint are shown in

Figure 22 [118].

5. Stress durability test

As the purpose of test specimens is to predict service
failures, the lap shear test alone is not adequate. 1If a
lap shear bond is loaded and then placed in a hot-wet
environment, the fractures can be characteristic of in-
service failures. Marceau et al. [114], showed that

unstressed lapshear joints maintained their original

strength when exposed to aqueous environments, whereas the

stressed lapshear joints failed much more rapidly.

F. Metal Alkoxides
1. Introduction

Metal alkoxides have been used in sol/gel chemistry and
in the formation of glasses for many years [77,123-126]. A
new found application of these alkoxides is to use them as

primers on adherend surfaces to enhance bond durability

[119-122]. The primer use is a new area, with little study
and understanding, thus an open field for investigating both :§QJV
= <

adhesion and chemical properties of the alkoxide coatings. S
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Figure 21. Deformation of a lap shear joint when load is

applied [118].
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Figure 22.

—

Shear stress in a lap shear joint [118].
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2. Alkoxides in adhesive bonding

) Organic primers are often applied to metal adherends
following chemical pretreatment to protect the surface prior
to adhesive bonding and to enhance bond durability. Pike

) found that inorganic primers, such as metal alkoxides,
improved the durability of aluminum/epoxy bonds. Sec-butyl
aluminum alkoxide, applied to both porous and non-porous

> aluminum oxide surfaces, improved the durability of bonds
made with a 177° C cure epoxy four to ten times over organic

| primers [119-121). Enhanced durability was also observed

L for 121° C cure epoxy systems [120]. The sec-butyl aluminum

alkoxide was applied from a 1% solution in toluene creating

a smooth primer layer masking the original adherend aluminum

# oxide topography. The bond durability depended upon the

thickness of the alkoxide primer layer. Bonds made with

alkoxide primer layers of 450 nm or greater showed improved

* durability over thinner alkoxide primer layers ([119,121}.

The primer layers were cured at temperatures between 25° and

325° C. The durability of the bonds was not affected by the

cure temperature of the primer (119-121].

The reason for this enhanced durability of aluminum/
epoxy bonds using an inorganic or alkoxide primer in place
of the conventional organic primer is not clear. Pike
postulates that the mechanism for this improvement is the

formation of a stable amorphous boehmite, AlO(OH) layer upon
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hydrolysis of the alkoxide primer. The hydrolysis may occur
by water of hydration on the oxide of the adherend, by water
in the solvent or by atmospheric moisture. The hydrolysis
would yield not only the oxide, but also the alcohol which
would evaporate with the application solvent [119,120]}.

Because the resulting primer layer is smooth, mechanical

-w W v B B AHAAFSTS= = 7 7

interlocking arguments commonly used for porous and rough
surfaces to explain good durability cannot be used. An
alternate explanation for the improved durability would be a
chemical interaction between the alkoxide primer and the
epoxy [120,122]). Another possibility would be that the
primer reduces the chances for weak boundary layer formation

[122] because the surface is no longer rough or porous where

it is believed segregation of an adhesive can occur [109].
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Thus, the phenomenon of inorganic primers enhancing bond

hY

l’:.":’: .
X

durability has been observed; however, understanding the

g

nature of the alkoxide interaction with the adherend surface

i

and the adhesive is still an open question.

3. Chemistry of alkoxides W
Although new to adhesive bonding, metal alkoxides are NN

:‘}.'q:'
not new to chemistry. Sol/gel studies involving metal gﬁf
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alkoxides have received much attention in the formation of
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glasses. To better understand the chemistry of these metal
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alkoxides primers, a look into the solution chemistry of
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metal alkoxi i 3
oxides may provide insight. ::%&::‘:“:
Meta . RO
1 alkoxides hydrolyze to form metal hydroxid ..‘-"'M!.
metal oxides wees o .
and alcohol as shown by the followin ' ":::‘
generalized reacti ’ N-' :’:’
p ons: : ";":"
M(OR). + ."'.z.' f
v vH:0 -> M(OH). + VROH (61 Rl AT
: ) -
M - N
| h (OH)e =-> MOss2 + (V/2)H:O (62 B 'o'-l‘:..'"-'f;
where M is i ) %
the metal, R is the alkyl grou - }w'F S
valence of the metal (1 P and v ie whe \{5:\ .:::
a 23] . Usuall ' A& ..lh.
Y, the hydrolysis
. of
metal alkoxides is not as strai P’.?' :
straight forward as the ab 5‘3"#’.‘_ .
reactions indi Ve R,
icate. A hydrolysis and a polymeri Y .\'.'
' erizatio Ari)
reaction occur simult " s Pt
aneously as shown below for a metal g
with a valence nev e
of -
four, such as titanium, ::E::\{:-
. ,‘-'\':.;\.-
M-OR + HOH -> =M-OH + ROH (63) PR
NN MY
;M= P
. OH + RO-M= -> =M-O-M= + ROH 60) ~~¢ :
ere, both i :
reactions occur between the OR and the OH % @
with i ; groups : :
| the polymerization reaction forming brid ’ RN
ridging ox
Note that i ygens- .ﬁ
f complete hydrolysis occurred, polymerizati X ;
would be impossi , won
possible, thus no bridging o '_-mw N,
) xygens would be AR
present. Many parameter :*-:'-".‘-"'-
ﬁ s affect the rates of ' Nl
polymerization: t of hydrolysis and r LR
: the type of alkoxide, the availability of 'b(. p
water and henc : Yo R
e the alkoxide/water ratio, the diluti o .
the system, the type of rom of PR
of solvent, and the reaction P
temperature [123-125]. ':.»;l:'-’"» "
Aluminu - : LR
m alkoxides hydrolyze vigorously t : 3 ;
y to form rebatele
monohydroxides initially which lat “:?:‘-&
ater ; RGN
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ides as shown below [123,125].
Al(OR)s + 2H:0 -> AlOOH + ROH (65)
AlOCOH + H;O0 -> Al(OH)» (66)
The hydrolysis product of sec-butyl aluminum alkoxide
depends upon the reaction temperature and medium. Non-
liquid hydrolysis by atmospheric moisture produces an

amorphous monohydroxide, while hot water hydrolysis creates

b

a crystalline monohydroxide or boehmite. A trihydroxide, or

o

[y

bayerite, forms when the alkoxide is hydrolyzed in cold

&

L
\
[N
N
“
Y

z

'

water [123,126]. When the amorphous boehmite is heated to

IS

300° C, amorphous Y-alumina can form [127]).

Titanium alkoxide hydrolysis is very complex [124].
The hydrolysis and polymerization reactions are similar to
equations (63) and (64). Titanium differs from aluminum in
that it doesn’'t have multiple forms of hydroxides [123].
The oxide content of the final reaction product or oxide
polymer depends upon the amount of water initially present.
The variability of oxide content in the polymerized alkoxide
is described by the following (124}:

nTi(OR)s + (4n + x - y)H20 -> (67) -'\'m
3y
TiaOt2n-a-y1s21 (OH)x (OR)y + (4n - y)R(OH) '::‘-\ﬁ
l.-,
where n is the number of polymerized tit