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FOREWARD

This final technical report (Part A) summarizes our vork on the
characterization of the surface oxide on titanium. A summary of our

work on the analysis of fractured Ti 6-4 lap shear specimen aprd on the

' analysis of cdmposite samples is given in Part B.
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I. INTRODUCTION

- ——

Adhesives are being used increasingly to bond metal structural

components. For example, an extensive effort is underway to adhesively

bond Ti (6% Al -4% V) seetions in advanced aircréft (1). Several
chemiéal pretreatments have been developed to clean the alloy surface to
obtain better adhesive bonding (2). The strength and durability of these
adhesive bonds depend in part oh the properties of the oxide layer
present on the alloy surface! A number of experimental techniques
including electron spectrescopy for.chemical analysts (3,4), scananing
(transmission) electron microscopy (4,5), reflectance visible-infrared
spectroscopy (6), secondary ion mass spectrometry (7), Auger electron
spectroscopy (2,8), and ion scattering spectroscopy (7) have beea used
to characterize this oxide layer. The surface oxide layer is generally
éccepted to be titaniom dioxide. It has been reported that the layer on
the Ti 6-4 surface may, indeed, be the rutile (8) phase of Ti0,,
However, be;ause of its low surface area it is difficult io characterize
the oxide layer directly on the metal surface, and to study the
interaction of the oxide layer with polymer adhesives.

To overcome this difficulty, titanium metal, titaniun 6-4 metal in
the form of pbwders, and pure crystalline titania powders were used to
study the interaction with polymeric adhesives. These results were used
to examine the relationship between the oxide layer preéent on the alloy
surfaces and pure crystalline titanius oxide surfaces. G e

In addition to applications in adhesion, the knowledge of the
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surface properties of titania powders is useful in pigment technology.

Titantum dioxide is widely used as a pigment and is considered superior

.to many other pigmentary products. Some of the reasons for the superior-

ity of the Ti0; pigmenfﬁ are their very high‘refractive index, relatively
low density and fairiy narrow particle size range which gives maximuﬁ :
scattering of visible light (9). Total produétion of TiOziin the United
States in 1980 was estimated to be about 700 thousand tons. Out of this,
50X was used as surface coatings and fillers, 15% fof plastic and rubber
fillers and 5% for ceramics (10).

In all of these applications, the properties of Ti0; pigments ére
directly related to the interactions between the surface of the pigments
and the various media into which they arevdispersed. The surface chem-
istry_of the pigments plays a leading rolerin determining the nature of
these interactions. Thus, an increase in knowledge of the surface prbp-
erties of Ti0; is essential in pigment technology.

Titaniun dioxide is alsoba well known photocatalyst. For instance,
in the presence of oxygen and ultra-violet light, many compounds undergo
oxidation on Ti0; syrfaces (11). These catalyfic properties of inz sur-
faces are determined by thg degree of hydration, the extent to which
hydfOxyl groups cover the surface, and the easé with which these groups‘
can be removed (12). Furthermore. some interesting catalytic properties
may also be obtained by exchange of oxygen atoms or hydroxy! groups by
chlorine atoms (13). Therefore, the study of thé interaction of Ti0;
surfaces with both water and hydrogen chloride would be of great interest.

The objectives of this work were to charazterize titanium and

titanium (6% Al -4% V) metal powders and five titania powders in both the
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rutile and ahatase érystal}ine forms and to study the iﬁteraction of
these surfaces with polymers, water and hydrogen ch]qride. The
charactefizatjon of these oxide surfaces was done by X-ray diffraction,
electron spectrnscopy for chemical analysis (ESCA), scanning electron
microscopy.(SEM), microelectrophoresis, and vacuum infrared transmission‘
spectrpscopy. Interaction with polymers was studied using immersional
calorimetry and ESCA. Interaction wiih water and hydrbgen chloride was

studied byigas phase adsurption, immersional calorimetfy, ESCA and vacuum

infrared transmission spectroscopy.




II. LITERATURE SURVEY

Part 1: Titaniyn Dioxidz Surface
This section contains a sunmary of previous work related to titanium
dioxide. Excellent review papers (14,9) have been written in this

area. -

1. -Structure

There are three‘naturaIIy occurring crystallographic forms of
titanium dioxide, namely, anatase, brookite and rutile. ﬁowever, only
rutite and-anftase are produced on ¥ Targe scate 19). “ﬁﬁe'néme‘
‘rutile' is derived from Latin, meaning 'red' due to its association in
bauxite and laterite deposits. The rutile crystal is tetragonal (ditet-
ragonal-dipyranidal) P 4y/mnm, a=4.58, c=2.95, 2=2, and it has a struc-
ture similar to AXy compounds as shown in Figure la. It consists of
[inGJ octahedra linked by two common edges to form chains parallel to
the c-exis (15). | ‘

Anatase_also has a tetragonal structure (I 4y/amd) as shown in
Figure 1b. 1In anatase, the shared edges at the top and bottom of the
octahedra are at right angles to each other, while in rutile two opposite
parallel edges are shared. Althcugh rutile has been accebted to be the
most stable form, recent thermochemical data indicate that anatase is

2-3 kcal/mole more stable then rutile (16).

2. Nature of the Hydroxyl Groups and Interaction with Water

The hydroxyl groups on anatase and rutile titania powders have been
studied by Yates (17) using infrared spectroscopy. For anatase after

evacuation at 150°C, bands at 3675 and 3350-3100 cm-‘ were observed, .. .. . ..
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These were caused by hydroxyl stretching vibrations pfesent in waté;:énd
in hydrpxyl groups. An additional band observed at 1605 cm-1 was due to
bending vibrations of residual adsorbed monomeric water. After evacua-
tion at 350° only two hydroxyl bands va3715‘énd 3675 cm-1 associated
with two crystal planes were observed. After evacuation of rutile at
150°C a spectrum was observed with bands at 3680, 1610, 1420 and 3450~
3150 cm-1, _The.bands at 3680 cm-1 which were assigned to 'NH' contaiﬁing

species remained after evacuation at 350°C. The band’at 1610 cm-1 sug-

gested that adsorbed water was dimeric on rutile.

_ Interaction of water vapor with rutile has been:investigated by
Dawson (18). Discdntinuity in the adsorption isotherm was found for
samples containing_small particle sizes, and was explained in terms of
lTocalized and condensed states of the adsorbed 1ayer,v Isotherms on
larger pafticles had two linear séction§ between re]afive pressures about
0.05 and 0;23;torr. Close packed monolayer formation was thought to
occur at the beginning of the second linear section. "The different
behavior between the small and large partigleé was explained in éerms of
the predominant crystal planes, (100) for sm&ll particles and (110) for-
large partic]és.' Furthermore, irreversible condénsation of hydroxyl
groups at 250-450'C was observed for large pérticles. '

D$y ahd Parfitt (19) studied the adscrption of water vapor on rutile
calcined at 450°C. Increasing adsorption was found wiih increasing out-
g2ssing temperatures up to 200°C and conﬁtant adsorption was reached at
temperatures higher than 200°C. Molecular Qgeér remained on the surface
after outyassing at temperatures lower than 200°C. Qdantitative analysis

of water vapor adsorption isotherms showed that the surface contained




eqLal proportionAof hydrbxylated and non-hydro#ylated regions.' '

Boutin et al. (12) studied the nature of the hydroxyl groups by slow
neutron inelastic scattering. It was found that liquid water with Tower
mobility than bulk water was present on the surface. Incompiete removal
of molecular water was found for the solid with high surfa§e area at
200°C. Different kinds of hydroxyl groups were present on the surface
and water was weakly bound to them.

Herrington and Lui (20) studied the interaction of water vapor with
coated pigments. The adsorptive properties of uncoated pigments were
relatively insensitive to outgassing temperature compared to coated
materials. Heats of immersion (AyH) showed a similar distinctioh between
the pigments. The number of hydroxyl groups was calculated using the
- isotherms: and the values varied from 1.45 to>13.94. The uncoated'rutilé
pigment gave a A.H value equal to the surface enthalby of water after
preadsorption of only a monoiayer, whereas all coated pighents needed
considerably more preadsorbed water to reach this conditibh; »

Primet et al. (21) further investigated the nature of Ti0; surfaces
by infrared spectroscopy. For anatase, infrared bands were observed at
3715 cm~1*GQEfte‘%soﬁated hydroxyl groups and at 3665 cm-1 due to
hydrogen bonded hydrosyl groups in adjacent unit cells. For rutile,

Sk e

bands were observed at 3685 cm-T due to isolated hydroxyl groups and at -

3655 cm=1, 3410 cm-1 due to hydrogen bonded hydroxyl groups. The
hydroxyl groups in anatase were found to be more po]arized than that of
rutile. After evacuation of amorphous Ti02, the initial hydroxyl groups
were not restored by exposure to water. Dehydroxylation of crystallized |

Ti0; was found to be partly reversible. All hydroxyl groups could be




exchanced with 020 vapor.

Jones and Hockey (22) described a model for a rutile surface. Major

exposed crystal planes for rutile were fourd to be 60% of (110), 20% of

(101) ‘and 20% of (100). The infrared band at 3410 cm-! was assigned to

 OH- ions which were bidentate while the 3650 cm=1 band was duve to mono-

dentate OH- ions in the (110) plane. The bands at 3610 cm-1 was due to
molecular watér hefd”on the (101) plane and the band at 3550 cm=! was due
to molecular water adsorbed on the (100) plans. Removal of water.fran '
the (100) plane was found to be easier than reﬁoval,from the (101) plane.
Jones and Hockey (23) studied the hydroxyjation and. hydration of
futile prepared by TiCly and combustion of Ti(isopro)g. Two types of
hydroxyl groups and molecular water were present on the rutile surfece
after out-gassing at ambient temperatures. The hydroxyl groups wére
found to be ionic by adsorption of SO,Ct,, S0p and HC1. Evi&ence fof two
types of cocrdinately bonded water was found by HCl adsorption. -The
sample prepared from TiCly contained chlorine and was more féédily
dehydroxylated than the chlorine free sanplé.4
Munuera et al. (24) used a combination of thermogravimetric anal-
ysis, adsorption isotherms, temperature programmed desofptidh (TPD) and  ,
infrared spectroscopy to study the anatasa suffacé. Three forms of water
were desorbed from the surface. The sum of.all three forms of water was
6.5-7.9 Hp0/nm2 and residual hydroxyl groups amounted to 0.3-0.5 OH/mm2,
From TPD traces, it followed that 2 Hy0/nm2 were more tenaciously held fo
the surface. The heat of de§drpticn of this mode was 50 kb/mol.mwThe
infrared spectra of anatase showed bands at 3720, 3680, 3300 and
1615 cm-l; At 350°C, only bands at 3730, 3680, 3620 and 3480 cm-! were
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observed. Based on the experimental data, a surfqge'model was developed
assuming that the (111) plane is the most 1ikely expoéed plane.
Munuera and Stone (25) continued the study of irteraction of water

vapor'with the surface of rutile using adsorption isotherms, TPD and

infrared spectroscopy. It was fiund that disscciative chemisorption of

water occurred on Ti-0 pairs while strong and weak forms of molecular
water were adsorbed on isolated titanium and oxygen fons. Nen-dissoci-
atively adsorbed water was removed totally af 325‘C. L

The adsorption of water vapor on pure and phosphéte-covered anatase
sanples basAbeen examined using infrared spectroscopy and TPD techniques
by Munuera-(26). Only a small amount of water remained on the
surface after outgassing at 350°C. Infrared analysis showed th2 presence
of a small amount of molecular water and strongly adsorbed hydroxyl

groups. The phosrhate-covered surface had fewer adsorbed water molecules

- than the uncovered surface. It was suggested that basic anions such as

H2P0s4~ with a shoht oxygen-oxygen distance fulfill thé steric require-
ments and preferentially adsorb as bidentéted ligands‘displacing water,
to complete {he octahedral coordination of the cations in the (1)
plane. o | 7

Deuteriun eichange with surface hydkoiyi groups on rutile was
studied using D2 and D20 by Jackson and Parfitt (27). It was found that
D2 completely exchanged at 300°C but did»not exchange with saturated
vapor at room temperature. The infrared studies after deuteration
verified that the surface species were hydrogenic. Labile bicarbonate
species were formed by reaction with €02 and iwo types of hydroxyl groups

were identified._




Jones and Hotkey (28) studied water vapor adsorption on rutile by

infrared spectroscopy. Hydrogen bonded molecular water corresponding to

an infrared band at 1630 cm-! was found on the surface. The heat of

~adsorption was estimated to be 70-80 kJ/mol at 300K. Two types of

hydroxyl groups gave infrared bands at 3650 and 3410 cm-1.. The

dehydroxylation proceeded in accord with reactions [1] and [2].

OH ?H ?
Ti(s) + Ti(s) + Ti(s) + Ti(s) + H0(g) ) (1]
H H
\ / _ .
3 *  Ti(s) + H20(g) (2]
Ti o

Quantitative measurements of water adsorption suggested that rutile con-
sisted of (110), (100} and (101) planes in the ratio of 3:1:1.

Iwaki et al. (29) studied the interaction of water vapor with cal-
cined and uﬁcaicined rutile samples. It was found that the uncalcined
sample had a higher water content than the calcined sample. The sample
which was calcined twice showed a small maximum in A,H around 400°C,
which was explained as the stabilization of well defined oxo structure by
heating in vacuum. The sample which was calcined once did not show a
maximum in A,H while the uncalcined sample showed a maximum in aH at
300°C. This peculiar behavior was explained in terms of an ill-defined
oxo structure of the uncalcined sample.

The interactioﬁ of water vapor with the futi]e surface was further

studied by Day et ai. (30). Adsorption isotherms had turning points
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(knees) at relative pressures of 0.03 and 0.22. With increasing coverage

; thevisosteric_heats varied 1inear1y‘from 12.75 to 10.75 Kcal/mol

between the two knees. Considerable dehydration also occurred between

.200-400°C, and cn- subsequent exposure to water Vapor at ambient

temperatures, the gurface was fully rehydroxylated. The differential
entropies of édsorption gave further evidence for the formation of a
close packed monomolecular water layer at the second knee.

Géé adsorption and tritium exchange studies on Ti02 have been

~carried cut by Yates et al. (31). Significant porosity was found by gas

adsorption data. After a short outgaséing’time at‘room temperature, the
number of surface protons was found to be 12.5 protons/100 X?,' From this
data it was suggested that the exposed crystal planes wére the (110) and
the (101) planes. Further outgassing ¢t room temperature gave evidence
for the removal of chemisorbed water. | »

Dawber andKGuest (32) studiéd the heats of immefsion of partialfy
dried anatase and rutile pigments in mixtures of water with methanol,
ethanol anq n-propanol. Thermogravimetric analysis shdwed that rutile
possessed more adsorbed water than anatasg'ﬂue to the porous nature of
the coating. By immersion in water, it was éstimated that anatase gained‘
one monolaver of water while rutile gained six molecular Iayers of
water. J

Nagao et al. (33) studied the interaction of water with rutile. - It
was found that the surface hydrbxyl groups decreased monotonously with
increasing outgassing temperature. Content of surface hydroxyl groups
varied from 4 Hy0 molecules/100 A2 to zero over the outgassing tempera-

ture range 50°C-600°C, while heats of immersion varied from 300 to




ny.

et

E————
f '

aigire’ o
"y g N -
e e e S AN — e e =

12

600va/m2. Differential heats of chemisorption of water on Ti0p

decreased with increasing amount of chemisorbed water indicating a

~ heterogeneous surface,

3. Interaction with HC1

vOnly a few studies have been carried out in this aréa. Some infra-
red investigations have been made, but the adsorption of!hydrogen
chloride has not been reported. - :

Primet et al. (13) studied the reaction of gaseous HC)vwith anatase.
After evacuation at 200°C, bands were present at 3715, 3660 and 3410
em-1. After reaction with HC1(g), a sharp band was presént at 3540 cm-1

along with a broad band centered around 3330 cw=1. The band. at 3540 cm-]

- was due to the hydroxyl groups adjacent to chlorine which were formed by
0 7 .

reaction of Ti  Ti groups with HCl. The bread béﬁd at 3330 cm-1 and the
band at 1595 cm-! were due to molecular wafer:formed by the reaction of
superficial hydroxyl grdups with HC. .

Parfitt et al. (34) studied the reaction of HCl with rutile using
infrared spect%oscopy. A dry rutile surface gave infrared bands at
3700 cm=1 with a shoulder at 3660 cm-1. Initial doses of HC1 to the dry
surface formed_more‘hydroxyl groups increasiné the intensity of the band
at 3660 cm~'.. Based on the data, two possfble reactions were suggested.

‘ - 45°C '
Tid* 02- Tid+ + HO == Ti% oK - Ti%* C1- (3]

45°C H '
T4 O+ HO m—= Tis 00 Cl- === Tit* C1- + 4,0 [4]
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Water treated rutile surface gave an‘additional reaction
HC1 + Hp0(adsorbed) H30* C1- (5]

HC1 pretreated rutile surface showed Bronsted acidity. The functional
group that was responéible for the Bronsted acidity was identified as
Tid+ 0 Cl- which could be removed at elevated temperature.

- H

4. Studies Related to the Electrical Gouble Layer

ElectrophoresiS“stvdies of rutile has been carried out by Parfitt
et al. (35). It was found that the surface chloride and chloride in the
bulk had the effect of lowering the isoelectric point. This showed that
chloride present on the surface was ionic in nature. Bulk chloride had a
tendeﬁcy to diffuse to the surface on heating and was removed as hydrogen
chloride gas or'as C1- by subsequent washing. After the reaction with
hydrogen chloride, the isoelectric point incredsed indicating that the
chloride produced on the surface after reaction with hydrogen chloride
was different from the chlorine originally present pn‘the sample.

Tschapak et al. (36) studied the point of zero charge (p.z.c.) and
the isoelectric point (*.e.p.) bf Ti0p in Li€1, KC1 and CaCl2 solutions.
KC1 and LiC} &ere indifferent electrolytes for Ti02. - However, the p.z.c.

of Ti0; in'CaC12 decreased about 1-1,5 pH units indicating specific

adsorption of the electrolyte.

The i.e.p. of different titanias have been reported by Parks (37).

The i.e.p. of natural rutile varied from 3.5-5.5. Synthetic rutile gave

an i.e.p. of 6.7 while synthetic anatase had an f.e.p. of 6.0. Struc-

- tural impurities present in the solids changed the i.e.p. significantly.




14

Changes in the i.e.p. were also obsérved on Ti02 by heqt'treatment. This
wés interpreted as loss of oxygen leading to a nonstoichiometric oxide.

Healy et al. (38{-found a quantitaiive relationship between heats of
immersion and the p.z.c. of inorganic Oxides including Ti02. The basis
of the cqrrelation was also examined in terms'of electrostatic field
strengths of the oxide surfaces. It was found that the larger the value
of the field strength, the more extensive the {nteraction between water
molecules and the oxide surface. | ’

A detai]ed thermodynamic analysis of the electrical double layer at
the rutile-solution interface has been carried out bvaérube and DeBruyn
(39). The p.z.c.‘of Ti0, at room temperature was 6.0 independent of its
crystalline modification, but was lowered to 4.0 by heat treatment.

Berube and DeBruyn (40) developed a model for the electrochemical
double layer at the rutile/solution interface. Dif‘eréntial capacity
* curves on rutile were obtained by Qraphica] differentfation of adsorption
jsotherms. . The experimental ¢urves para11e1ed thoseﬁcélculated from
simp]e_diffuse Taye} theory. Spegific adsorptfon of inorganic ions
decreased iﬁ the order Li*>Na*$C$‘ and C1-=C104-=N03~=I-. The presence
of a waterlike atmosphere in the &ouble layér_was alsd established. '

Levine and Smith (41) investigated the conditions under which an
oxide surface in aqueous solutjon would obey the Nernst equation with
respect to H*/OH- as potential determining fons. A modified form of the
Nefnst equation was derived. This was combined with a model of the -inner
part’of the double layer involving adsorption of both anions and cations
of the supporting univalent electrolyte.

Kumagi and Fukushima (42) studied the adsorption of nonionic
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ethoxy]ated surfactants onto T{OZ in water using microelectrophoresis.
It was found that the carbonyl group was responsible for surfactant
adsorption on rutile Ti02. Adsorption occurred onto the Ti0 having

positive charge in water.

5. Acid-Base Properties

Parfitt et al. (43) studied the reaction of rutile with NH3 to
investigate Bronsted and/qr Lewis acid sites on the surface. Two types
of Lewis acid sites were identified. Bronsted acid sites were not pres-
ent and addition of water did nat change the Lewis acid sites to Bronsted
sites. ' However, the addition of HCl1 produced Bronsted acid sites. Sig-
nificant changes in acidity were not observed on the reduced surface.

For anatase and rutile, the adsorption of three acidic compounds

(CH3COOH, CgHgOH, COz) and three basic compounds (NH3, CsHst, (CH3)3N)

has been studied by Primet et al. (44). Hydroxyl groups on rutile did

not show an acidic character to any of the basic compounds while hydroxyl

.groups on anatase showed protonic character towards (CH3)3N. Two kinds

of Lewis acid sites were observed with NH3 and pyridine.

Parfitt et al. (45) studied the adsorption of pyridine on rutile
surface using infrared spectroscopy. Two stereochemically distinct Lewis
sites were identified. Only one of them was sufficiently acidic to react
with pyridine which is a weak Lewis base. Rutile did not show Bronsted
acidity even after pretreatment with water vapor.

Acidic and basic pfoperties of hydroxylated anatase and rutile sur-
faces have been studied by Boehm (46). Hydroxyl groups on the surface

were fodnd to be amphoteric in character. Half of the hydroxyl groups

!
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were acidic in character and the other half were mainly basic and could
be exchangedrwithvothef anfons. The acidic character was strong on Ti0)

which had a p.z.c. othlS.

6. Interaction with Other Substances

Interactions of CO and CO; with Ti0p have been studied by Yates (17).
It was found that the CO was weakly chemisorbed while COé was much more
strongly chemisorbed as COp species.

Day and Parfitl (19) studied the interaction of Ny with rutile
calcined at 450°C. Thé”presence of micropores (72) was found by
t-plots. For surfaces containing preadsorbed water, surface areas
obtained from the t-plot showed excellent agreement with minimum BET
values. Erroneous BET results were obtained for the dry surface.

Rcaction of CClg with anatase has been studied by Primet et al. (13)
using infrared spectroscopy. Two different reactions'teoklp]ace ai room
temperature and at high temperature. The reaction at room temperature
was with the surface yhile the’onerat high -temperature was with lattice
oxygens. | | ‘ | |

Competitive adsorption of isopropanol,:acetone and water on rutile

was studied by Munuera (11,47). [Isopropanol and acetone vapors gave

type 1 isotherﬁs;Lﬂisopropanol'displaced acetone in a 1:1 ratio. Gaseous

acetone and water did not displace chemisorbed isopropanol.

Parfitt et al. (48) studied the interaction of trimethylchloro-
silane, dimethy]dichlofosilaﬁe and methyltrichlorosi]ane with rutile.
After reactions with trimethylchlorosilane and dimethylchlorosilane, the
surface be@ane resistant to uptake of molecular water. However, reaction

with methyltrichlorosilane was less complete. and the surface did not
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become reéisqu; to water after the reaction.

Sorption of N2, water, ethanol and n-pentane has been studied by
Déy et al. (49), on rutile modified by presorption of water, ethanol,
hexan-1-01 and hexan-1:6 diol. Hydrophobic éﬁﬁracfer was_found in those
surfaces modified by organic pretreatment. Hexan 1:6 diol was oriented
parallél to the surface while hexanol had this configuration only at high
relative pressures. B

Furlong et al. (50) determined the differential energies of adsorp-

_ tion (azU) of argon and nitrogen on pure rutile and silica-coated rutile

by microcalorimetry. It was found that the surface was heterogeneous.
Np-cation interaction contributed an appreciable anoﬁnt to azUu for pure
rutile but after coating with silica (0.9-2.6 wt%), the surface proper-
ties became more like silica than rutile. » -

Eltekov et al. (51) studied the adsorption of Cé-Cg n-alkanes,
benzene, diethylether and Cy-C4 n-alcohols on polyethylene glycol layers
deposited on rutile. This modification of rutile gaVe a rather homo-
geneous surface. |

Adso?ption of‘Né, 02, CO on Ti07 which was used as a catalyst
support material has been studied by Dollimore and Péarce (52). Tubular
pores witﬁ’varibus cross sectional areas were identified. Both N2 and
co adsofption-desqrption isotherms were simf]ar in type but 02 isotherms
shdwed enhanced adsorpfion.

| Adsorption from binary liquid mixtures of p-xylene and n-heptane on

rutile has been studied by Day et al. (53). A dual nature of the surface
was observed. One-half of the surface which was hydfophobic showed pre-

ferential adsorption of xylene. Molecular water on the surface markedly
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affectéd adsorption.

Water vapor adsorption isotherms have been determined on Ti02,
previously conditioned in n-dodecylamine solutions by Pope and Sulton
(54). The 6xid5'surface became partially hydrophobic by conditioning.
The dodecylamine was oriented horizontally at low concentrations but
forced to vertical orientation at high concentrations.

-James et al. (55) analyzed the models fcr the adsorption of hydroly-
sable metal ions at the oxide/water interface. Five different mechanisms
were proposed. [t was notcd that the studies on adsorption of relatively
simple metal aquohydroxo complexes could not distinguish between each
mechanism. |

Specific surface ardas of Ti0p by physical adsorption of Ar, Kr, and
Xe were determined by Basilova (56). The DKR and BET methods and
électron microscopy were used to determine the surface areas. Possible
reasons were discussed for the differences in the values of the specific

surface areas determited by the different methods.

7. Photo-actiyity of Ti0p and Catalysis

Boonstra and Mutsaers (57) studied the photoadsorption of oxygen
onto the Ti0p surface. A strong linear correlation was found between the
photo-adsorption of oxygen and the number of hydroxyl groups. A decrease
in photo-éttivity was found after HC1 adsorption due to the formation of
TiC1 bonds. |

The isomerization of cis-2-butene on modified anatase surface has
been studied by Leal and Andrew (58). Isomerization was not observed when

cis-2-butene was adsorbed on the surface at room temperature. However,
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chemisorptioh with the formation of a carbonium ion complex was obseréed‘
at 100°C. ' |
' Iyengér et al. (59) studied th2 migration of oxygen vacancies formed
at the'TiOz éurface during hydrogen reduction into the interior by ESR
‘spectroscopy. The presence of Ti3* jons was found on reduced samples.
‘ After exposure to low 0y pressures, 02" signals were observed on vacuum.
reduced samples and these were absent in hydrogen reduced samples. This.v
was attrfﬁﬁted to the migration of anion vacancies to the interior.
| The role of ammonia in promoting radical species in precipitated
Ti0z hés been studied by Iyengar et al. (60) using ESR. The species
‘resulting from photochemical or thermal oxidatfon of traées of ammonia
were found to be firmly held to the surfacé.

Bickley and Stone (61) studied the oxygen adsorption on rutile under
the influence of i]llumination in the near ultra-violet. The‘presencé of
water enhanced the photo adsorption process. Rutile which had been sub-
jected to prolonged outgassing and subsequen;vreoxidation was found to be
inactive; | | i ’

Munueralet al. (62) studied the photo activity of Ti0 samplés in
the presenﬁé;éf 0p. Fast adsorption of 02 was fbund in the early stages '
Qf illumination and a ;low photo desorption afierwards. Thermal removaT
of water reduced photo adsorption.

The surface reduction of anatase and rutiie_under vacuum, in the
presence of CO-and Hz, u.v. radiation has been studied by Gravelle et al.
(63). Form;tioﬁ of two typés of paramagnetic.;enters as Ti3* ions were
observed by ESR spectrosﬁopy. Adsorption of oxygen formed 02 species.

These results paraileléd the photocatalytic partial oxidation of
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isobutane on fibz at rooh temperature.

Fukuzawa et al. (64) studied the interaction of'Oz with Ti02 during
photoil]dnination by ESR. Two paramagnetic signals were detected and
were attributed to solid state defeﬁts and to adsorbed oxygen species.

Electfon.dqnor properties of Ti0p have been studied by Che et al.
(65) using ESR. Tetracyanoethylene and trinitrobenzene adsorption
revealed that electron donor centers were associated with OH- groups. At
h1gh tenpgratures weakly coordinated 02‘ ions were formed and these were
responsible for the reducing properties of the solid.

ESCA investigation of V05 + Ti0p catalysts for vapbr phase oxida-
tion of alkyl pyridines has been carried out by Anderson (66). Sintered
pdwder mixtﬁres yielded higher surface vanadiun concentration than the
bulk compOsftion. The catalyst used in the oxidation bf alkyl pyridines
waS-onTy reduced in the thin surface layer. Surface cdmpositiona]

changes in V, Ti and O were observed after the catalytic reaction.

8. Miscellaneous

Chung eﬁ al. (67) used low energy electron diffraction (LEED), Auger
electron speétroscopy (AES), electron energy loss spectroscopy (EELS) and
u]tra-violet:photoemission spectroscopy (UPS) to study the single crystal
faces of rutile. ‘The (110) and (100) plane§ were found to be the stahble
planéé. -

Thevforﬁation of large spheres of Ti02 prepared by fusion of five
kinds of fine Ti0 powder particles has been investigated by Morimoto and
Kittaka (68).k Each Ti0p particle formed, contained both anatase and

rutile structures; the former constituted mainly the outer phase.
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Pope and Sutton'(69) studied the flotation response of Ti0;

conditioned in n-dodecylamine solutions. A strong correlation was found

for the flotation respbnse and the adsorption of cationic conditioning

agent. | §
Surface properties of rutile single crystals using d.c. electrical

conductivity were studied by Iwaki (70). The electrical conductivity

on the (110) plane increased after thermal treatment in vacuo over the

temperature range 25-550°C. A decrease in conductivity was found by the.

addition of 0 and an increase was found by addition of Hj.




*Part 2: " Interaction of Y0y, Ti and Ti-6-4 With Polymers
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1. Nature of . The Titanium Metal Surface ) e
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fftaniun has a hexagonal c]béé“packea c;;stal structure (71). This
transforms to a body centered cubic crystal structure called beta at
?883’6. Aluminum stabilizes the alpha crystal structure by raising thé
' alpha-beta transformation temperature. Vanadium stabilizes the beta
crystal structure. Alpha-beta alloys contain a mixture of alpha and beta
phases at room temperature.
-Low energy electron diffraction and Auger electron spectroscopy have
'  been used to study the reaction of a clea: Ti (0001) surface with oxygen
gas at low pressures and room temperature by Shih and Jona (72). It was
found that the final structure of the oxide was probably Ti0, not Ti07.
Senzaki et al. (73) studied the stfq;puré of Ti surface at elevated
temperatures. Hexagonal field emission patterns were observed at
témperatures near 800°C. At temperatures above 882°C, the body centered
.cubic beta phase was observed instead of the hexagonal close packed alpha
phase. ‘
Oxidation of Ti and Ti 6-4 metal has been studied by Mtte ei al.
(8). At low tehbératures, pure titanium oxidized more rapidly than the
.alloy; The difference was attributed to the eiistence of an alumina
layer on the alloy. The rutile (TiO2) form of the oxide was found on
bq;h Ti and Ti 6-4 surfaces contradictory to the work of Shih (72).
. Pure titanium had two layers of rutile while the alloy contained three
layers at 750-900°C. It wasbalso found that tﬁe behavior of the growing
--oxide in oxygen and water Vapor was different. In the temperature'range

4656-900'C; oxidation with oxygen took place by.means of successive
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cracking of the scale leading to é muTtilayeféd-oxidevstructure. In the
presence of water vapor, a recfysta]lization'process led to the two
layered oxide structure. ”

Dumas and John (74) studied the oxidétion of titanium alloy after
deposition of sodium chloride which is known as hot corrosioa. This hot
Corrosidn reaction increased the oxidation rate by factor of 100 compared.
to the simple oxidaticn. Simple oxidation at 600°C in water saturated

air produced an external oxide layer less than 1y in thickness while hot

~»» corrosion produced an oxide layer with a total thicknéss of about 50m.

The rutile form of Ti0p was the only compound definitely detected by
x-ray analysis.

The oxidation of pure Ti has been studied by Berninghoven et al. (7)

using SIMS, AES and XPS. The maxima of the molecular ion emissions due

to Ti0p* and Ti0,~ were shifted from lower to higher n values with

increasing oxygen exposure. The oxygen signals obtained with the three

“methods showed an identical dependence on oxygen exposure.

The instability of anodically formed Ti02 films was studied by

Quarto et al. (75) using optical and electron microscopy. It was found

that the films fofmed in phosphoric acid had weak spots which permitted

~ the solution to benetrate. The formatiqn of the anatase phase was

proposed to be the source of the film instability.

2. Polyimide and Polyphenylquinoxaline

Polyimide synthesis has been discussed by Progar et al. (76).
Aromatic polyimides had shown the best thermal stability but had not

shown satisfactory adhesion in bonded Joints. Some modifications had




24

been made to polyimide to improve adhesive strength. The synthesis was
achieved by adding equimotar quantities of a suitable aromatic
dianhydiide to a stirred solution of an appripriate arc -tic diamine. A
similar procedure was used to prepare LARC-13 polyimide (77) used in this
study.

Physical and mechanical properties of addition and condensation type
polyimides have been investigated by Steger (78). The condensation

polyimides showed better strength retention with prolonged aging at

- 600°F. However, the addition polyimides LARC-13 and LARC-160 exhibited

better moisture resistance and less volatile evolution in the polymeriza-

- tion process. It was suggested that addition polyimides were more favor-

able candidates for high temperature adhesive applications.

Tﬁe synthesis of polyphenylquinoxaline (PPQ) has been reported by
Hergenrother (79,80). This polymer was prepared by reaction of phenyl
substituted bis(l,Z)-dicarbohyl compounds with aromatic bis(o-diamines).

PPQ exhibited good processability relative to other high temperature

‘polymers. The cross linking reaction reduced the thermoplasticity of .

" these polymers at elevated temperatures. The polyphenylquinoxaline had

an intrinsic viscosity of 1.19 d2/g and a glass transition temperature of

290°C.

3. Pretreated Ti 6-4 Surfaces

Allen and Alsalim (81) studied the nature of the oxide on the sur-
face of Ti and Ti 6-4 after a number of chemical pretreatments. After :
phosphate-fluoride pretreatment, the oxide Tayer present on the surface

was found to be rutile. The degree of crystallinity was different for
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each treatment. It was also found that a surface coated with a stable

- oxide in a coherent and rough form was necessary for efficient adhesive

‘bonding.

The surfaces of Ti alloys after various pretreatments have been

‘studied by Hamilton and Lyerly (3). It was sdggested that the bonding

f differences observed with variously treated Ti aTloys were caused by

variations in the crystalline structure of titanium dioxide. The

ohosphate-fluoride pretreatment resulted in more durable bonds than the

| é]kaline pretreatment. Alkaline etch favored the formation of rutile

Ti02 while phosphate-fluoride pretreatmeht produced primarily anatase
Ti0y contradictory to the work of Allen and Alsalim (81). Aging'of
phosphate-fluoride pretreated surfaces caused anatase Ti02 to convert to

futi]e Ti02. Thin oxide layers were present on phosphate-fluoride etched

surfaces. High humidity and stress caused the transition of anatase t,

rutile Ti02 on phosphate-fluoride treated Ti 6-4 surfaces. Both alkaline
and phosphate-fluoride pretreated surfaces weré»very hydrophilic.

Wegman (82) studied the nature of Ti 6-4 surface after
pretreat-ments. It was found that an increase in hunidity cauéed
phosphate-fluoride pretreated Ti 6-4 surface to decrease the durability

of the stress bonded joint. The only effect of temperature on the

durability of the phosphate-fluoride etched joint was to weaken it

initially. The phosphate-fluoride processed Ti 6-4 joints were more
durable than the Ti 6-4 treated with alkaline process.

Liverly (83) studied the crysta]line‘forms of thermally aged
titanium oxide films after pretreatments. Phosphate-fluoride etched

surfaces contained an oxide layer in the anatase Ti0z form at ambient
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‘temperature and has converted to rutf]e Ti02 at 600°F. ’This agrees with
the work by.Hamilton and Lyerly (3) but contradictory td the work of
Allen and Alsalim (81). After an alkaline (Turco 5578) pretreatment, Ti
6-4 surface contained rutile Ti0p and remained unchanéedvat 600°F. The
durability of the bonds was highly dependent on the abiiity of the
adhesives to resist moisture penetration. The premise that anatase TiOze
was more durable than rutile Ti0p was not confirmed. indications were
that either structure would perform if that particular Structere remains
- unchanged dur1ng tne life of the adhesive bond. ’ -

The effects of commercial treatments on Ti 6-4 has been studied by
Baun (2). It was ‘found that the acidic pretreatments select1ve1y etched
the alpha-phase. The alloy was found to be covered with a Ti02 coating.
Hydrogen and_hydroxy] jons were also detected on these surfaces. The
vanadium rich beta phase was mainly eqused after the Turco preireatment.
Aluminum was totally depleted from the surface after the phosphate-
fluoride pretreatment. It was suggested that the anataée strQCtUre on
Ti 6-4 after bhosphate-fluoride pretreatment riay be stabi]ized by the
presence of Ca++ and Nat ions.

Hergenrother and Progar (84) studied the bond durab111ty of polyimide
adhesives on Ti 6-4 specimens. The best overall combination of
processability and bond strength was found to occur with intermediate
molecular weight polymers {njnt = 0.5 to 0.8 dt/g, Tg = 316-318°C).
Adhesive fai]ure was observed on Ti 6-4 specimens pretreated by the
phosphate-fluoride process. These specimens severely degraded at the
interface after exposure to water. Maximum use temperafure of this
polymer was found to be 316°C unless a higher temperature and longer time

could be used, to induce cross linking.
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Chén et al. (85) investigated Ti 6-4 surfaces after several
pretreatments. Well defined alpha and beta phases were found on the
ohosphate-fluoride etched surfaces. The growth of alpha phase at the
expense of the beta phase was found during thermal oxidation. No clear
distincfion between the alpha and beta phases was found on Ti 6-4 after
the Turco pretreatment.

Chen et al. (86) also investigated the contamination of Ti 6-4
surface after phosphate-fluoride and Turco pretreatments. Traces of P,
F, K and C1 were found after phosphate-fluoride pretreatment. Minimum
residual contamination was found on Turco pretreated samples.

Beck et al. (5) studied the failure modes of PPQ and LARC-13 bondced
Ti 6-4 lap shear samples. LARC-13 polyimide showed mixed mode (inter-
facial/cohesive) fai]u?e. Apparent interfacial failure was noted on
phbsphate-fluoride treated Ti 6-4 bonded with PPQ. Failure occured at
the primer/oxide interface than in the oxide layer.

Ti 6-4 samples after various pretreatmedts have been studied by
Ditchek et di..(87). Fhosphate-fluoride etched Ti 6-4 surfaces displayed
little macro or micro roughness while Turco etched surface showed large
micro roughngss. The beta phase was etched slowly during phosphate-

fluoride pretreatment, and Na and F ions were retained on the surface.

“Fe containing substances were found on the Turco etched surface. The

oxide layer present on Ti 6-4 was found to be much more stable in humid
environments than aluminum oxides. It was stated that the cryéta11ine
phase did not affec; bond durability but, rather chemical anZ morpho-
logical effects were importent factors. |

The resu!ts of w:dg: tests on Ti 6-4 panels after eight different




pretreatments were correlated with the studies of the failure surfaces

and moisture sensifivity by Ditchek et al. (88). It was found that the

\prime factbr in the durability of a bond was the roughness of the Ti 6-4

surface.

4, Miscellaneous ,
Huntsberger (89) discussed the important factors in adhesion. It
was suggested that insufficient molecular contact at the adhesive/sub-

strate interface was the major cause for poor adhesive performance.

" Importance of wetting of the adherend by the adhesives was also

recognized. Wetting and bond formation was found to be synonymous for
the majority of cases. Rates of wetting‘were dependent on surface
energies and the rheological propérties of the adhesivés. The molecular
conf{gurations and conformations of the polymeric adhesives influenced
thé adhesive performance in number of ways.

» De Lolliﬁ‘(QO) described the important theories'involved in
adhesion.'ylt was suggested that in order to bond to a surface, an
adhesive must first wet and spread on the surface. The forces responsi-
ble for the wetting and spreading phenomena were ascribed to chemical
bonds, methanica] entanglement, physical and chemicai adsorptien and
electrostatic forces of attractioﬁ. Various theories including
mechanical coupling and diffusion were also presented. The problem of
prefefential adsorption of water was also discussed.

Various mechanisms of adhesion, namely mechanic;l or interlocking,
weak boundary layer, chemical and e]ectrostatic were:disCussed by Mittal

(91). Evidence and mechanisms for charge transfer across the metal
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interfaces were reviewed. It was concluded that the electrostatic com-

ponent of adhesion may have some contribution to adhesion. Evidence for "fﬁ

the formation of chemical bonds was discussed.

K1nloch (92) reviewed the mechanisms of environmental failure. The
presence of mowsture was found to have a deleterious effect on structural
adhesives. The first stage was the accumulation of a critical concentra-
tion of water in the interfacial region. This was dependent on the rate
of water diffusion through the adhesive. This process of water diffusion
was accelerated by temperature and stress. The second stage involved a
loss in the integrity of the interfacial regions. This includes rupture
of secondary bonds, subtle changes in the oxide structure and cohesive

failure in a primer layer. The third stage was the ultimate failure of

the adhesive joint.
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T11. EXPERIMENTAL

The materials, characterization techniques, experimental procedures

and data reduction methods used in this study:are described in this

‘'section

Part I. Titania powders
A. Materials
: l.v Adsorbates

Nitrogen, water and hydrogen chloride were used as the adsorbates.
Reagent grade (purity 99%) anhydrous hydrogen chloride and nitrogen |
(purity 99%) were obtained from the Mathesqn Company. Water vapor was
produced by using distilled-deionized water which had been degassed by
repeated freez :-thaw cycles on the vacuum system. Helium obtained from
the Airco Company was used for calibration of the dead volume in the

adsorption system.

2. Adsorbents

Five titania powders, anatase-Al, rutile-R1 obtained from the
Glidden Corporation, anatase-A2 obtained from thevCabot Corporation,
rutile-R2 obtained from the.Dupont‘Company, aﬁd rutile-R3 obtained frdn
Or. G. D. Parfitt (Carnegie Mellon University) were used as the |
adsorbents. Al was prepared by the sulphate process starting with _
illmenite while A2, R1, R2 and R3 were prepared by the chloride process
starting with TiClg.

3. Miscellaneous

Analytical grade potassium nitrate (Fisher), nitric acid (Allied

30
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Chemical), potassiun hydroxide (Fisher), hydiochIoric acid (Fisher), and
‘sodiun hydroxide (Fisher) were used in the miﬁroe]ectrdphoreﬁis study.
Indicator solutions of p-nitro phenol (Fisher)/to1uene, alizarin

(Fisher)/toluene, o-nitro phenol (Eastman)/igq octane, benzeneazddiphenyl
amine (Eéstﬁan)/iso octane, and methyl yellow>(Aldrich)/iso octane were
used for the acidity meésurements.

'Helljge standard hydrochloric écid solution (R1i93c) was diluted to
12 with deibnized water to prepare O;IN HC1 stock so1ﬁtion'for‘the

calorimetric studies.

B. Characterization Technaiques

1. Surface Area Measurements

Surface areas, based on the BET theory described by Gregg and Sing
(93),_werg measured using the Micromeritics 21000 Orr Surface Area and
Pore Volume Analyzer. Prior to tﬁe surface area meaﬁurements, 0.5 g of
each titania sample was outgassed at 100°C, 200°C, 300°C and 400°C for
one hour at <2 x 10-4 torr. Calibration of the volume of the pyrex sam-
ple bulbs was done with helium, and nitrogen was used as the adsorbate
for the meésqrement. The cross-sectional area of‘an'adsorbed nitrogen
molecule was takén as 16.2 RZ_ A Basic computer program (94) was used

tdwcalcu1ate thé surface areas.

2. X-Ray Diffraction

A Diano-XRD 8000 diffractometer using Cu K, radiation and a graphite
monochromater were used to determine the X-ray patterns for the titania

powders.,
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3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray

Analysis (EDAX)

An Advanced Metals Research Corporation 900 scanning electron
microscope operating at 20 KV was used for the SEM analysis. All samples

were mounted on conducting copper tape and were coated with a thin

~film of Au/Pd to prevént charging of the sample surface.

4. Surface Acidity Measurements

Indicator solutions were prepared by dissolving 1 mg of the indi-
cator in 10 cc of the solvent. Color changes of the adsorbed indicators
on the solid surface were observed by adding 2 ml of the indicator solu-
tion to 1 mg of the solid powder. Indicator measurements were taken on
titania powders at room temperature and after outgassing at 400°C. Grey
color was observed on R3 after outgassing at 400°C due to the formation
of.non-stoichiometric oxide. Oxygen at about 300 torr was introduced to
this grey colored R3 at 400°C for 30 minutes. Then the powder was
allowed to cool back to room temperature. The white color reappeared
after thi§ oxygen treatment. Theiacidity measurements were also taken on

R3 after this oxygen treatment.

5. Electron Spectroscopy for Chemical Analysis (ESCA)

The elements within SOR of the titania surfaces were char-cterized
by using a Dupbnt 650 e]ectrthQpectrometer. The sample w&s bombarded
with X-rays from a magnesium target in the analyzer chamber maintained at
approximately 5 x 10~7 torr. The energy of the incident Mg Kq X-ray wes
1253.6 eV.

Both wide and narrow scan spect-a were taken for the elements on
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titania before and after HCl1 adsorption. A value of 284.6 eV (95) for
the C1S photopeak resulting from surface contamination was ‘used as the
standard value for correcting the binding energy of each element. The

photopeak intensities were corrected using published (96) bhotoionization

. cross-cections (o). Atomic fractions (A.F.) were obtained from the

following equation
Aila

E Aj/a
where A{ is the area of each significant peak in the ESCA spectrum.

AF. =

ts_J

6. Microelectrophoresis

The electrophoretic mobility (u) énd isoelectric point (i.e.p.) of
the titania powders were determined using a Rank Mark II microélectro-
phoresis apparatus. Powders were dispersed ultrasonically in 0.02 M
potassium nitrate solutions. By appropriate addition of either nitric
acid .or potassium hydrcxide, the pH of the solutiéns was Qaried. For
compdrison purposes, the pH was é!so adjusted by using HC1 and NaOH.
Then the solutions were transferred to the microelectrophoresis cell
which was constructed from silica. The cell was mounted in a perspex
thermostatted tank (25°C) attached to the stage of a microscope. The
particles were observed by dark field illumination and about five parti-
cles were timed at each stationary level in both direétions. These
measurements were taken with fresh titania‘powders and powders evacuéted
at 400°C. The electrophoretic mobility measurements weré also taken

after oxygen treatment on R3 outgassed at 400°C.

7. Calorimetr!
Heats of immersion were determined.in'a Calvet MS-70
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~is given in Figure 2. Four sample chambers were mqtﬁhed as two pairs

- and sealed under vacuum. The sealed sample bulbs were attached to a

microcalorimeter. A schematic diagram of the calorimeter and sénp]e‘cell

(cells 1 and 2, cells 3 and 4), with one cell being used as a reference
th]e the heat of immersion was measured in the other.

Samp1e bulbs containing 0.5 g of titania were outgassed at 100°,
200°, 300' and 400°C for 2 hours and sealed under vacuum. Al powder

was also_odtgassed at 100°C and different amounts of water were adsorbed

breaker rod and were placed in a cell containing‘z ml of either deionized
water or IN HCl(aq). This assembly was then placed in the calorimeter v b
and al]bwed to reach the steady state for about 12 hburs. The reaction
was initiated after establishment of the initial steady state by pressirg
the rod to break the fragile tip of the sample bulb.

Heats of immersion (a,H) were calculated using the eguation,

(SxC - 8)

[}

At 71
_ Wxag :
where S is the calorimeter sensitivity, € is the measured nunber of
counts, B is the heat evolved from empty buib breaking, W is the sample
weight, and ag is the specific surface area. The sensftivity séttings of
the ca]qrimeter.were PS 100 and PS 250. |
Heats of immersion were also measured for Al powder after adsorbing
known amounts of water vapor. The integral heats of adsorption (aHp)

were calculated using equation [8] (97).

1 : 4 | :
aHp = G;) [aHE(sL) - aHE(sFL)] + aW - [8]
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‘where, n = Number of moles of water adsorbed
' BHE(SL) = Heat of emmersion of fresh solid in water ~ N
AHE(SFL) = Heat of emmersion of solid covered with a film of water
AHL‘ = Heat of liquifaction of water

8. Infrared Spectroscopy

Infrared spettra of titania powders were taken on a Perkin-Elmer -
283 spectrophotometer. The Ti07 pellets were prepared after heating the
sample at 100°C in an oven for 15 minutes to remove moisture. About
70 mg of the sample was transferred to the pei]et press which wasﬁheated
to 100°C for 15 minutes. A pressure of 15000 psi was applied for 5 minu-
tes while the press was warm. Then the pressure was released, and the
press was allowed to cool before the pellétvwas taken out. The‘peilet
was placed in a Teflon holder which was then transferred to the glass ..
cell (98) as shown in Figure 3. NaCl windows were placed tightly between
the cell and stainless steel holders using rubber ‘0' rings. The whole

assembly was connected to the vacuum line at 10-5 torr, and was heated to

appropriate temperatures using heating tape.

The infrared spectra'ﬁere taken on samples outgassed at room tempé?-
ature, 100°C, and 200°C for 2 hours. The §pectra were also taken
after exposing the sample which was outgasséd at ZQO'C to water vapor and

gaseous HC1. The reference beam was attenuated during the measurements.

9. Adsorption Measurements

a. Description of the System

Adsorption measurements of hydrogen chloride and water on titania

-,
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samples were cénducted in a éonstant volume apparatus with glass stop-
cocks lubricated with Apiezon N as shown in Figure 4. The system was
maintained at a pressure of 1 x 10-5 torr using a mercury diffusion

punp (DP) and a mechanical pump (MPI). Tha pressure was measured by
means of a McLeod gauge (MG). The pumps were accessed fo the apparatus
via stopcock S1. Helium, hydrogen chloride and liquid water were stored
in reservoirs HB, CB and-NB and were accessed via stopcocks S7, S5 and S6
respectively. Apiezon W was used to seal the sample bulb SB to the
system, and introduction of adsorbate ontc the sample was controlled by
stopcock S4. Stoapcock S3 connected the system vacuum line to the main
vacuum line ML.

The nressures were measured by a MKS Baratron gauge (BG) which is a
diffgrehtia] capacitance manometer. Theu;utput was displayed on a
Baratron meter 144 (BM) with a precision of 0.5 torr and recorded on a
Hewlett Packard Mose]yJSBO strip chart recorder (R). The portfon between
stopcocks SZvand S8 served as the reference line. A gas buret (GB) con-
sisting of calibrated bulbs containing mercury with known weights was
used to regulate the volume of the apparatus. A uniform temperaturé was
maintained by constructing a thermostated air encasement. Heat was
supplied by a 100 watt tungsten light bulb. Water was circulated in the
air bath and sgrved as the cooling unit. The system was thermostated at
30°C. The sanple bulb was surrounded by a constant temperature water

bath for the 40°C and 50°C measurements.

b. Iht?oductidn and Removal of Gases

The gases were introduced to the main system via vaive S14. The
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pressure of the gas during the introduction was measured using a mano-
meter MMI, and typically about 760 torr was infroduced at one time. A1l
the valves were closed during the introduction except S3 and appropriate
valves for thevstorage bulbs. Then the gases were stored in the storaye
bﬁlbse Excess HC1 was removed through the KOH trap (KT) through S13 and
S3 slowly. ‘

i c. Calibration of the Dead Volume (V)

The system was first evacuated using the d1ffus1on punp The stop-
cocks S2 and S15 were then closed, and the cross member 48 was opened to
zero the Baratron meter. Then stopcocks S8, S3, 4 were closed while
S2, S15 were opened. Helium was introducedvto the system; and the
pressure was measured. Then, the meniscus of the mercury inside the
doser (GB) was moved down with valve SlOIand correspondiﬁg pressures were
heasured. The dead volume of the system was Caléulated'using the ideal

gas law and the measured pressures and the known voluﬁés'of the bulbs.

d. Adsorption Measurement

Two grams of adsorbent were placed in a sample bulb (SB) and were
outgassed at 100°C, 200°C, 300°C and 400°C for 2 hours péior to the
adsorption measurement. The arsorption measurements were also taken on
oxygen treated R3 outgassed at 400°C. The volume of tne sample bulb was
determined with heliun. The pressure reading was taken after the
introduction of helium to the system with valves S3 and S4 closed. Then
valve S4 was opened and pressure was measured agéin. These Eeadings were
used to calculate the dead volume of the sample bu1b.' Then helium was |

removed from the systém. Similarly, water vapor was introduced and the
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pressure readfng was taken. "After opening 54, the system was allowed to

equilibriate to reach steady state and the equilibrium pressure was
measured. A similar procedure was used for the HC1 adsorption i

measurements.

e. Readsorptioﬁ Isotherm
The readsorption isotherm was taken to study the reversibility of
the adsérption process. After completidn of the adsorption isotherm, the
sanple bulb was reevacua;ed at the appropriate temperature for 2 hours.

Then the readsorption isotherms were taken as described before.

f. Data Reduction ‘

(i) Adsorption Isotherms: Experimental data obtained in the adsorp-
tion system was reduced to the amount of gas adsorbed by employing equa-
tions bzsed on the ideal gas law. 7

The number of moles of water or HCl1 adsorbed (N?) was calculated
using the following equations:

Pj x Vg

Ny o [8]
RTxWxag

P x (Vs + Vsp)

N¢g = - ' [9]
Rwaan
s Pi-1 X Vsb s
Ny = Nj « Ng +———— + Nij [1c]
RTxWxag

where P is the pressure in the dead volume (Vg) prior to each exposure

of»adsofbate to the sample, P¢ is the equilibrium pressure in the system
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after eXposurevto the adsorbate, Vgp is the vo1ume_of.the sanple bulb, H
i » is the weight of the sample, and a5 is thé specific surface area. Nj and
Rf are the number of gas phase moles in the system befpre and after
exposure to adsorbate, respectively. N?-] is the number of gas moles
adsorbed before the exposure to the current dose. R is the gas constant

and T is the temperature.

g. Monolayer Volume and Adsorbate Area
The Brunauer, Emmett and Teller (BET) method was used to calculate
- the monolayer volume of water adsorbed on titania. The BET equation was

used in the following form:

X 1 (C-1)x
— = Ay (1]
N(1-X) Nm-C Nm-C

where |

X = PP,

P = Equilibriun pressure of water vapor

Po = ;Vapor pressure of water at adsorbtion température

N = Number of moles of water/grams oé adsorbent

C = Constant A

Ny = Monolayer capacity in mo]eéwof water/gram of adsorbent

Here the value of Ny can be expressed as
L 1
o Ky = —
s : _ m+y
where y and m are the intercept and slope of a plot of X/N(1-X) vs.

P/P,.
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. . o
The area of the adsorbed water (A) in A2/molecule on Ti02 was cal-

culated by the following equation:
. . |
A = — Y3
NM'NO

where, £ = BET Np surface area
No = Avogadro number

The monolayer capacity (Ny) of adsorbed hydrogen chloride was cal-
culated employing the following form of the Langmuir equation, using the

adsorption data.

P 1 p ,
W = bWy * Wy (13]
where
P = Equilibrium pressure of HCI
N = Number of moles of HCl/gram of adsorbent
b = Constant

The monolayer capacity (Np) is equal to the reciprocal of the sfope of
the line obtained by plotting P/N vs. P. The adsorbate area of HCl was -

calculated using equation [12].

h. Calculaiion of Isosteric Heats of Adsorption
The adsorption isotherms at three temperatures were used to calcu-

late the isosteric heats of adsorption at various surface coverages. The

isosteric heat is a-differential quantity calculated using isotherm data

‘E . _ and a Clapeyron type equation in the following form -
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st = RE&'_P] | N ATY
81/T) n C o

P = Equilibrium pressire
" T = Adsorption temperature
N = Moles of adsorbate/unit area of adsorbent -

A plot of In P vs 1/T at constant coverage gives a slope equal to -Gst/R.
Accurate determination of the v§iﬁgs of In P at constant coverage was
facilitated by computer fitting of isotherm data using the computer pro-

| gram (99) given in Appendix 1.

i




v« o e 0 AL B g o S A VB 0 s 5

45
- Part 2: Interaction with Polymers
A. Materialsb - B

The polymers polyphenylquinoxaline and LARC-13 were obta1ned from
" personnel at the<NASA-Langley Research Center. These po]ymers were dis-
solved in 1:1 xylene (Fisher):m-cresol (Matheson, Coleman and Bell) and
dimethy formamide (Mallinckrodt), respectively. The materials used for
the pretreatment of the meta] powders were hydrof]uor1c acid (3. T.
Baker), methylethyl ketone (Baker), nitric acid (Allied Chem1ca1 Corp.),
trisodiun phosphate (Mallinckrodt Corp.), Turco powder (Purex Corp.),
Sprex-AN (NASA;Léng1ey Research Center), and Pasa-Jell (NASA—Lang]ey
Research Center). Two metal powders, titanium and titanium 6-4 were

obtained from Cerac Corp.

B. Characterization Technigues

Surface areas, scanning electron microscopy (SEM), energy dispéfsive
X-Ray analysis (EDAX), wéter adsorption isothermé, heats of immersion in
water, and eléctron spectroscopy fb? chemical analysis (ESCA) were deter-
mined by methods described in Part 1. »

ESCA measurements were taken on the fresh metal samples an& samples
-outgassed in-the vacuum (10;7‘¢orf5 at 400°C using the vériable V
temperature ESCA probe. SEM pictures‘were taken for the‘metal samples at
room tomperature, after evacuation at 400°C, after heating in air at
400°C and Ti 6-4 after pretreatment with the Turco and phosphate-fluoride

processes (6).

C. Interaction With Polymers

Five Ti02 powders, Ti meéal, Ti 6-4 metal powder and Ti 6-4 powder

after Turco and'phosphate-fluoridé pretreatments were used in this study.

s -
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A solution of 5% ponpheny1qdinoxa1iné was prepared by diluting 54¢ 6f ’
18% polymer solution in 15 g of 1:1 xylene:m-cresol solution. The 21.5%
LARC-13 polymer solution was prepared by dissolving 1g of polymer in

3g of dimethylformamide. Heats bf jmmersion of powders were first
measured in the solvent and then in the appropriate polymer solutions.
The poydérs were outgaséed at room temperature at 10-5 torr for 24 hours.
Heats of immersion was alsd measured after outgassing the metals at 100°,
200°, 300;, 400°C for 2 hours, and at room temperature for 5 minutes

at 10-5 torr.
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values agree well with the reported values (100).

 uncoated and coated titamia powders with increasing outgassing tempera-

A CHARACTERiZATION OF ADSORBENTS

IV. RESULTS AND DISCUSSION

pPart 1: Titania Powders

3 1. X-ray Diffraction

The crysta]11ne phases determ1ned by X-ray diffraction for the five
titania powders Al A2 Rl, R2 and R3 are shown in Table I. The values
of d-spacings that ‘were calculated using the X-ray diffraction patterns,

for anatase and rutile were 0.352 nm and 0.325 nm, respectively. These

2. Surface Areas
Surface areas of titania powders measured as a funct1on of out-
gassing temperatures are shown in Figure 5. No significant changes in
the surface areas were observed over the outgassing temperature range
100° to 400 C. S1m11ar to the observation in the present study,

Herrington and Lui (20) observed min1ma1 changes in surface area in

tures. The average surface areas calculated within this outgassing

temperature range are listed in Table I.

3. SEM/EDAX ‘Studies on Titania

The scanning electron photomicrographs of Al powder at two d1fferent
magnifications are shown in Figure 6. Similar pictures were observed for
the other four powders. As shown in Figure 6, the titania powder con-
sists of small primary part1c1es clustered together to give larger

secondary particles. EDAX an?"s1s cf all powders showed the presence of

47
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Vo S | TABLE 1 |
“-\‘ R X-RAY DIFFRACTION AND SURFACE AREA RESULTS
- - _ " FOR TITANIA POWDERS
\ : : .
Sample , Crystalline Phase Surface Area (m?/g)
A | Anatase (100%) 9+1
A2 Anatase (87%); Rutile (13%) a8 + 8
R1 Rutile (1008) | 721
- R 2 ~ Rutile (100%) 622
R3  Rutile (100%) 22 £ 2
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_only Ti indicating minimal contamination. However, an alumina coating

-cannot be used in surface analysis.

51

was known to be present on R1 and R2 powders but no aluminum signal was

seen in the EDAX spectra. This observation agiin demonstrates that EDAX

4. Surface Analysis by ESCA

A qqalitative analysis of the surface composition of the tifania
powders was carried out using ESCA. The results of the ESCA analysis, | {
namely the binding energies (B.E.) and atomic fractions (A.F,) are listed
in Table 11. The peak corresponding to oxygen of Al was observed at

530.2 eV. This was assigned to oxygen in the Ti02 lattice based on

previous ESCA studies (66). Trace amounts of phoSphords; potassium and

chlorine were observed on Al powder. A2 and R3 powders were quite pure

 and only titanium and oxygen and ubiquitous carbon_photopeaks were

‘Aobserved. An aluminum bhofopeak was present on both R1 and R2 samples.

The oxygen photgpeak for both R1 and R2 powders‘was a dodblet. The
photopeak at tﬁe lower binding energy was assigned to oxygen in Ti02
while the peak -at the higher binding energy was assigned to oxygen in
aluminum oxide. The average binding energy of 531.2 eV agrees well with
the binding energy value reported for oxygen on pure A]zoj (101). A

trace amount of chlorine was observed on Rl powder.

5. Miéroe]ectrophoresis

The Ti02 powders were dispersed in 0.02 M KNOj solution which was
known to be an indifferent electrolyte (27). 'Ispglectric-points for the
five powders were obtained from the mobility vs pH plots shown in

Figﬁrés'7-ll. ‘The values of the isoelectric points at room temperature
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and aftér'odtgassing at 400°C are Iistgé in Table III. As shown in
' Fiéurés 7 and 8 for Al and Rl powders, the isoelectric points were not
- changed when ﬁH was adjusted by adding HCl(aq) and NaOH( aq) ingtead of
HNO3(aq) and KOH(;q).‘ The isoelectric point of Al powder was signifi-
'éant1y Tower than the isoelectric points for the other four powders.
.~ Thus, Al has the highest negatively charged surface among the five
powders. Furthermore, R3 has the highest isoeiectric point indicating
that R3 has the highest positively charged surface of the powders
studied. After evacuating atv400'c, no significant change in isoelectric
point was observed for Al, A2, Rl and R2 powdérs.‘ However, a decrease of
1.1 units in the isoelectric point was observed'with R3 powder as shown
in Figure 11. This may be due to the irreversible coﬁdensation of
hydroxyl groups which could be responsible for the positive charge
observed after outgassing at room temper&tUre. The isoelectric point

after outgassing at 400°C for R3 was not affected by oxygen‘treatment.

6. Surface Acidity

The results of the surface acidity measurements using the indicator
method are shown in Table IV. p-Nitro phenol changed from colorless to

yellow on Al, A2, Rl and RZ powders. This shows that these four powders

are basic and the basicity is greater than 7.6 which is the pk, value of

p-nitro phenol. The acidity was not changed after outgassing these
powders at 400°C.

Benzeneazodiphenyl amine changed from yellow to light violet on the

surface of R3. Therefore, R3 is quite acidic and has a pKa value of *1.5,

After outgassing the R3 powder at 400°C, benzeneazodiphenylamine did not

o pe——
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TABLE III

ISOELECTRIC POINTS DETERMINED BY
MICROELECTROPHORESIS IN 0.02 M KN03(aq)

Isoelectric Point Isoelectric Point
Samplé ‘ at Room T‘ . at 40p° 0GT
A 3.6 | 3.6
Az 5.8 5.9
R sa 4.9
R2 - 6.7 6;7

R3 . 7.9 6.8
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: change color while methyl yellow changed from yfllow to pink. Thus, the
- surface acidity of R3 powder was decreased as a result of evacuation at
"400 C. when the R3 sample was treated with oxygen after outgassing at
'400'C,vthe surface acidity was decreased to a pKa value >7.6. Since R3
showed a different behavior compared to other samples at 400'C it is

important to cons1der the possible processes that might occur at 400°C.

e gt N A WA £ A PO R b RO g W i S p—

61

Two processes, namely condensatwon of hydroxyl groups and formation of

coord1nate1y unsaturated T3 cations may take place at 400°C in vacuum.

The condensation of acidic hydroxyl groups would contribute to a decrease
jn acidity while formation of Ti3f jons would contribute to an increa-e oy
in(acidity. Since reduction in acidity was obsefved for R3 at 400°C, the
predominant process may be the condensation of hydroxyl groups. By
oxygen treatment, the Ti3* cations are’removed_ffcm the surface. Thus,
the complete reduction in acidity after oxygen treatment may Be due to
the removal of Ti3* cationic Lewis acid sites. However, Parfitt et al.
(43) did nct observe any significant changes in acidity on reduced rutile
samples compared to fresh sample contradictory to the observation made in

the preseht study.

7. Infrared Spectroscopy

The infrared spectfa of A2 powder are shown in Figures 12 and 13.
In these spectra, broad infrared bands ia the 3800-3000 et region and : o
in the 1800-1500 cm-! region were observed before outgassing at room |
temperature. This was due to the large anount of physisorbed water present
on the samp1e.. After 6utgassing at room temper;ture, two sharp bands at

3625 cm-! and 1615 cm-1, and a broad band in regimi 3540-3000 cm-! were
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observed. After evacuation at 100°C, the intensities of all these bands

“bands at 3650 cm~1 and 3415 cpm-) appeared while the intensity of the band

‘at 1620 cm~! décreasgd. A small band centered at 3720 cm-! was also

observed on the sample outgassed at 200°C. The sharpness of these bands
at 3650 cm~1, 3415 cm=1 and 3720 cm-1 indicate that these belong to

hydroxy! groubs in a well defined structure. It has been observed by

Yates (17) that monomeric water has its bending'vfbration at 1600 cm- 1,

dimeric water at 1620 cm-1, and polymeric water at 1633 cm-1. The value

of 1620 cm-1 observed in this study is comparable with the value for

* bending vibrations of dimeric water. Thus, a small amount of dimeric

water was still present on the surface even after evacﬁation at 200°C.

As shownvin Figure 14, the small fnfrared_band at 3720 cm! on A2
sample outgassed at 200°C is due to a small quantity of isolated hydroxyl -
groups preseni on the surface. The infrared band at 3650 cm-) is duebto

hydrogen bonded hydroxyl groups. The small infrared band at 3415 cm=)

~ may be due either to bridged hydroxyl groups or to water strongly bonded

to Ti cations. .
Attempts were made to obtain the infrared spectra of Al, RT, R2 and
R3 powders. ‘However, transmission was very low due to the large particle

sizes of these powders.

B. INTERACTION WITH WATER. VAPOR ' R e

1. Heats of Immersion in Water

The heats of immersion (a,H) of titania powders as a function of

outgassing temperature are shown in Figure 15. Powder Al showed less
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dependence of heat of -immersion on outgassing temperature than the other

rour ‘powders. R3 showed an increase in heat of immersion with 1ncreas1ng

outgassmng temperature up to 300 Cand a decrease at 400°C. Iwaki et al.
(29). observed a maximim in heat of immersion around 400°C for rutile
samples. Their observation is consistent with the observations made in

the present,study. A2 which is a mixture of rutile and anatasr: showed an

‘increase in heat of immersion with increasing outgassing temperatures

similar to R3, but it remained constant after 300°C. The rutile samples

"Rl and R2 which are alumina coated showed marked ircrease in heat of

immersion with increasing outgassing temperature. This increase was more
significant for R2 than that for R]. Simiiardto this observation
Herrington and Lui (20) observed an asymp.ot1c increase in heat of
immersion with increasing outgassing temperature for a]mn1na coated

titania sanp]es.

2. Adsorption of Water Vapor

The adsorption isotherms at 30°C for water vapor on Al as a funct1on
ot outgassing temperature are shown in Figure 156. It is clearly seen
that the adsorption did not depend on the outgassing temperature. This
agrees well with the calorimetric data, in which heat of immersion <* wed
orly a minima) dependence on outgassing temperature for Al powder. “

As shown in Figure 17, for A2 powder, there is an increase in _
adsorption with increasfng outgassing temperatdre up te 300°C, and it
remains constant beyond that temperature. Similar behavior was seen with
the heat of immersion data. |

A different behavior was observed with R3 powder as shown in Figure

18. The adsorption capacity increaeed‘up to 300°C outgassing temperature
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" pressure values. A grey color was observed when the R3 sample was

n

but there was a marked decrease in adsorption capacfty after outgassing
at 400‘C._'Day et al. (f9) observed a constant water vapor adsorption
after 200°C on rutile contradictory to the obsérvations in the present
work. This decrease in adsorption capacity at 400°C for R3 powder
paralleled the decrease in heat of immersion, acidity and isoelectric

point. The isotherm at 400°C was close to the isotherm at 100°C at high

outgassed at 400°C indicating the formation of a non-stoichiometric oxide
attributed to reduced Ti3f sites. After oxygen treatment the white color:
characteristic of stoichiometric Ti0) reappeared. However, the water

adsorption isotherm for the oxygen treated sample was similar to that of

/.
the untreated semple. The re-adsorption isotherms were similar to the /
original adsorption isotherms indicating that water adsorption was é%x

comp]etely'reversible. Thus, the adsorntion of water at 30°C is a
physisorption process on titania powders outgassed over the temperature
range 100-400°C.

It is clear from both the calorimetric and isotherm data that

powders Al, A2 and R3 have different surface characteristics. It is

interesting to note that the calorimetric data are consistent with the

adsorption data. 1t,is also possible to relate the adsorption behavior
to the surface composition. The presence of phosphcrus was found on Al
powder by ESCA analysis. If has been found by Munuera (26) using
temperature programmed desorption studies that HpP04~ containing anatase
surface had a low number of adsorbed water melecules. Strongly i

basic anions such. as HpP0Oz~ which have a short oxygen-oxygen distance are

et d sttt s 1 it o
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‘preferentially adsorbed on the surface displacing water molecules as

shown in reaction [16].

H2P04"(s01) *+ H20(ads) === H0(so1) + HoPO4"(ads) ~  [16]

Thus, the presence of phosphorus may b& the reason for the low water
adsorption capécity. Previous workers (32) showed that the surface of
anatase dried at 140°C possessed only on§ monolayer of water whereas

rutile possessed six monolayers of water after the same pretreatment.

- This is also in agreement with the lower water adsorptive capacity.of
- anatase observed in the present study. o

The presence of different kinds of hydroxy]'groups was observed with

infrared spectroscopy for A2 sample. With increasing outgassing
temperatures, the mean kinetic energy of adsorbed hydroxyl groups is
increased, and the groups are successively desofbed.‘ Weakly bound
hydroxyl groups are removed first ‘while the strongly bound ones are

removed at higher temperatures. By exposure to water molecules, these

. hydroxyl groups are reformed. This explains the reason for the increase

in water adsorption capacity for both A2 and R3 powders with increaéing

outgassing temperatures. The condensation..of hydroxyl groups may be

occuriring at the final stages of dehydroxy1ationiby the following

mechanism:

0 OH

| /11‘ ~ /T,r{g;_T[] N + Hy0 [17]

This reaction was found to be reversible or irreversible depending on the

predominantly exposed crystal plane. For instance; in previous work well
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célcined rutile samples with the (110) plane as the predominant plane

showed irreversibility in the above reaction (18). Thus, instead of

formation of two hydroxyl groups only one molecule of water would be -

. coordinatively bound to the surface by exposure to water molecules as

shown in reaction [18].

H20
Y

N o,
HOOTE o+ Ho=Ti7 Ti (18] -

This would decrease the water vapor adsorption capacity significantly.

Thfs irreversible condensation of hydroxyl groups for R3 outgassed at
400°C explains the decrease‘in heat of immersion and adsbrption capacity.
These hydroxyl groups are acidic and positive1y charged at room tempera-
ture. Since these hydroxyl groups are removed at 400°C, there was a‘
decrease in acidity and isoelectric point. |

The watef vapor adsorption isotherms for R1 and R2 powders which are
alumina coated are shown in Figures 19 and 20. As shown in these two
figures adso;ption capacity uaé gtrongly'dépendent on thé outgassing
temperature. ‘This was more.prodbﬁﬁced‘for the R2 powder, These results
are again conéistent with the calorimetric data obtained_in the present
study. This increase in water content 1s:due to the larger number of
hydroxyl groubs present on the aldminun coating (9) as shown in the

following proposed structure [19]; h

OH
N /e &t .
— Ti— 0——A1—O0H : [19)

/N
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The calculated monolayer coverages Vy and cross sectional areas (6)

0° adsorbed water molecules based on nitrogen surface areas on the five

titania powders are given in Table V. The water surface areas (SHZO)
were calculated from the water adsorption data assuming the cross

sectioha1 area of water molecule to be 10.8 AZ/molecule. The water

A, e A PR it Se

surface areas anc ratios of water area to nitrogen area (SNz) are also

given in Table V.

3. Infrered Analysis after Water Adscrption

o . ~ Infrared spectra of the A2 surféce after water adsorption is shown

in Figures 21 and 22. An outgassing temperature of 200°C wés chosen for
the study because the peaks corresponding to hydroxyl groups were clearly
seen at'ZOO‘C. After exposﬁre to water vapor, a broad band.in the region
3800 to 3000 cm-! and a band at 1610 cmf1~appeared. After'reevacuation
at 200°C, the original peaks present on the sample outgassed at 200°C,
reappeared on the surface. This gave further evidénce for the

reversibility ofithe water adsorption process.

4. Variation fh‘fémpéfature
The adsorptioﬁ isbtﬁerﬁs measured at 30°, 40° and 50°C for Al
powder evacuated at 100' and 400’6 are shown in-FiQures 23 énd 24. A
strong temperatqfe dependence was observed for adsorption at both
outgassing temperatures. The adsorption capacity decreased when the
* , temperature was increased Trom 30°C to 50'C.i'At higher isotherm
‘ temperatures the kinetic energy of the adsorbed molecules increases and

the equilibrium shifts to the gaseous phase. Since three variables are
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"available, a three dimensional picture can be drawn usmng P,n, and T

§> ' axes as shown in Figure 25. The plane of the adsorptlon is clearly seen.
The tines corresponding to constant pressure values and constant n values
are a]sd drawn on the plane. »

The adsorption isotherms at 30°, 40° and 50°C for A? and R1
powders outgassed ac 100°, 200°- and 400°C are shown in F1gures 26-29.
The adsorpt1on isotherms at 20°, 40° and'50°C for R3 outgassed at
100°, 200° and 300°C are shown in Figures 30 and 31, reépectively. All
the adsorr.tion isotherms were strongly dependent on temperature.
The 1§osferic heats of adsorption were calculated ﬁsing equation

[14] and the isotherms at 30°, 40° and 50°C. The isotherm data were
curve fitted using a computer procram, and plots obtained from the

- computer analysis are given in Appendix II. The isosteric heats of
adsorption for Al outgassed at 100° and 400°C, and for A2 outgassed at
100°C and R3 outgassed at 100°C are shown as a function of surface
coverage in Figure 32. There is a decrease in the isosteric heat of
adsorption with increasing coverage in all four cases. This indicates
the heterogeheous nature of the titania samples. Al sample outgassed at
100 C showed a very low isosteric heat of adsorpt on of 42 kJ/mole after
adsorption of 50 X 10‘8 moles/m? which is close to the heat of
liquifaction of water of 44.1 kJ/mole. After outgassing at 400°C, this
value 1ncréased to 60 kJ mole=!. The isosteric heat ¢/ adsorption of Al
outgassed at 400 C approached the value correspond1ng to the heat of
Yiquifaction of - water before the completion of a mono]ayer A high

1sosteric heat of adsorption, close to 80 kJ mo!e", was found for both

nounw §
.
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§3 and A2 powders‘butgassed at 00°C at a capacity of 56 x 10-8 moles/mZ.
Jones and Hockey (28) estimated the heaﬁs of adsorptibn involved in the
process of hydrogéh bond formation between adsorbed water and surface
deroxyi groups to be 70-8C kJ mole-! based on the infrared data.. This
value is cémparable with the isostefic heat values chtained sor R3 and A2
powders outgassed at 100°C in the present study. 'Therefore, the major
mechanism of rehydroxynat1on on R3 and A2 powders outgassed at 100°C is
the formation of hydrogen bonds between water and hydroxyl groups.
“vAttempts were made to calculate the jsosteric heats for R1, R3 and
A2 at higher outgassing temperatures. Since the’pressure values were
very low for the jsotherm at 30°C, a large scatter of the data points was
ifbbserved. Due to these uncertainties in the low pfessure values, the
ca1culation of the isosteric heats of adsorptfon:was not considered
meaningful. ,

Since anatése gave low isosteric heats of adéorptien, the behavior
of its surface was further jnvestigated by measdrihg heats of immersion
as a funct1on of surface coverage of water. The. results ére shown in
‘Figure 33. There was a steady decrease in AyH w1th increasing coverage,
and it approached a value of 118 md/m which is c]ose to the surface
enthalpy of liquid water, at a coverage (e) o‘ about 1.45. Thus, the

- adsorbed water on anatase is liquid-like on the surface. Using these
data integral heats éf adsorption were calculated and the values are
listed in Table VI. A decrease in integraf.heats of adsorption with

increasing coverage was observed.
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TABLE VI

INTEGRAL HEATS OF ADSORPTION OF Al OUTGASSED AT 100°C

Capacity

(moles/m? x 10-8) .

280

455

650
740

Integral heats
. of adsorption (kJ/mol)

92.7
86.8
81.1
77.4
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C. INTERACTION WITH HCI

1. Heats of Immersion

Heats_of>immersion (aH) of the five titania powders in 0.1N HCl(aq)
and water at four outgassing temperafures are shown in Figure 24; the
verticél lines indicate the increase in aH in HCl(aq) compared to that
in water. All powders showed higher heats of immersion in HCl(aq) than
in water. This shows that all the pcwders interact preferentially with
HCl(aq). However, a very large increase in AQH was observed for R} and
R2 powders. This heat was release. over a 9 hour period. This high heat
of immersion indicates that the reaction of HCl(aq) with R1 and R2 is
very strong. Similar behavior has been observed by Bailey and wightmén
(101) with pure alumina samples. However, the héats of immersion of
titania ir HCl(aq) have not beenq}eported previously. In this study, the
ESCA analysis indicated that an alumina coating was present on both R]
and R2 samples. Therefore, it is possible that there is partial
dissolution of this alumina coating in HCl{aq). To further investigate
the dissolution process,~the.HC1 solutions after the immersion process
were analvzed by atomic absorption spectroscopy. A large amount of
aluminun was detected in the so]qtion. ESCA analysis of the Ti02 powder,
after immersion in HCl(aq), showed a decrease in the A1/Ti atomic ratio |
but chlorine was not detected on the surface. All the above information
provides evidence for the dissolution of alumina coating in HC1. The

chemical reaction involved in dissolution can be expressed as

Al03(s) + 6 HCl(aq) + 2AT*3(5q) + 6C1- + 3HO0  [20]
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2. Adsorption»and Readsorption Isotherms

Adsorption of HCI at d%fferent outgassing temperatures for Al is
shown in Figure 35. There is a small increase in adsorption with
increasing outgassing temberature. This may be due to the progressive
remaval Qf adsorbed water molecules with increased outgassing temperature
from reaction sites, facilitating the reaction witn HCl. Reversibility
of the adsorption process was determined by the readsorption isotherms.
The readscrption isotherm for Al sample after re-outgassing at 106°C is
shown in Figure 36. The readsorption isotherm was sianificantly lower
than the original adsorptioﬁ>isotherm. Thus, HC1 molecules were stroagly
adsorbed on the titania curface ard could not be completely removed by
evacuation at 100°C. The readsorption isotherm after reoutgassing the
same sample at 400°C was also lower than the orig”nal aZsorption
jsotherm. This indicates that the strongly bound HC! on the Al sample
outgassed at 100°C could not be fully removed even by recutgassing at
400°C. Adsorption and readsorption isotherms fer Al outgassed at 200°C
and 400°C are shown in Figures 37 and 38. In both cases, the adsorption
and readsorption isotherms Qere different and gave further evidence for
the pértial irreversible adsorption of HC1 which cannot be removed by
outgassing at 400°C.

The HC) adsorption isotherms for A2 is shown in Figure 39. A
stronger dependence of adsorption capacity compared to Al on outgassing
temperature was observed. Since A2 had more adsorbed water and hydroxyl
groups thanAAl ~his behavior was consistent. The sites which are covered
initially with water became more accessible for HCl adsorption once the

water molecuies are removed at higher outgassing temperatures. The
g g
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adsorption and'readsorption isotherms for A2 samples outgassed at 100°,

200° and 400°C are shown in Figures 40, 41 and 42, respectively. For

val] outgassing temperatures, the readsorption isotherms were lower than

the originai adsorptior isotherms. Thus, A2 sample also adsorbed HC)

strongly and the adsorbed HC1 could not be removed complete’y by

reoutgassing at 400°C.

The HC1 adsorption isotherms for R3 showed a very strong dependence

on outgassing teaperature as shown in Figure 43. In contrast to the

water adsorption isotherms, the HC1 adsorption capacity did not decrease
after outgassing at 400°C. The adsorption and readsorption isotherms for

P? powder outgassed at 100°, 200° and 400°C as shoun in Figures 44, 45

and 46, respectively. For R3, at outgassing températures of 100° and
200°C, the readsorption isotnerm was lower than the adsorption isotherm.
However, after outgassing at 400°C the readsorpticn and adsorption
jsotherms were cnjncident. This indicatcs that-HClladsorbéd on R3 samie
can be removed completely By reoutgassing at AOQ'C. Thus, the adsorption
of HC1 on R3 was different from Al and A2 sample pcwders. R3 was found
to be acidic by the indicator method.‘ Therefore, the reason for the
lower adsorption capacity of acidic HC1.onto R3 may be due to the acidfc
character of this surface. The adsorption of hydrogen chloride was
measu?ed after outgassing at 400°C and subsequent oxygen treaiment. The
adsorption isotherm arter this oxygen treatment was slightlv lower than
the original isotherm obt;ined on R3 after outgassing at 400°C. The |
adsorption isotherm of hydrogen chinride measured after outgassing R3 at
200°C and subsequent oxygen treatment ovef]apped with the isotherm

obtainad on R3 outgassed at 200°C. The adsorptiod isotherms for alumina
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coated samples R1 and R2 are shown in Figeres 47 and 48, respectively. A
dependence on outgassing temﬁefeture was observed in both cases. Yowever
this dependence was not as strong as was observed with water adsorpticn
on the same samples. Thus, the water present on the surface did not
strongly affect the adsorptiun of HC1 on Rl and R2. The readsorption
isotherms of HC1 on R1 sample outgassed at 100°, 200° and 400°C are

shown in Figures 49, 50 and 51, respectively. In all cases, the readsorp-
tion isotherms were ]ower than the original adsorption jsotherms. Thus,
HC) is strongly adscrbed onto Rl sample and could not be completely re-
moved 2t 400°C. The readsorption isotherms for R2 outgassed at 100°, 200°
and 400°C are shown in Figures 52, 53 and 54, respectively. Irreversible
adsorptﬁon was also observed on R2 sample and adsorbed HC1 again could
not be removed at 400°C. The monolayer coverages (Vp) and cross sectional
areas (07 of HC1 adsorbed on titania, calculated using the Langmuir equa-
tion [13], are shown in Table VII. The total monolayer coverages of

adsorbed HCl1 on titania samples were calculated directly from the original

, adsorption isotherms and the amount of irreversibly adsorbed HCY was

geTCUEeted from the readsorption isotherms. At an outgassing temperature
of 100°C, Al showed the highest toté] adsorption. Similar amounts w:re
jrreversibly adsorbed on Al and A2 at this outgassing temperature. These
two powders showed the highest amount of irreversible adsorption nf RCY
compared to other three samples outgassed at 100°C. After outgassing at
400°C, the total amount of HC1 adsorption was similar on all pure titania
powders. However, at this outgassing temperature, Al had the largest
amount of irreversibiy adsofbed HC1 ard R3 had the least or comparatively

no irreversible adsorption. Thus, Al has the highest affinity for HC1
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adsorption.  However, the lowest water adsorption capacity was found for

Al from the water adsorption isotherms. Hence,'thnre is no correlation
between the number of hydroxyl groups present on the surface and the HC1
adsorption capacity. Thus, hydroxyl groups are not the major species

- . N
that would react with HC1. It is possible that the Ti/ Ti groups are

participating in the reaction. It is also interesting to note that the
area occupied by one HCl molecule was similar in all pure Ti02 powders
after outgaésing at 400°C as shown in Table VII. ‘

For R3 powder, if the (11G) plane is the preaom\nantly exposed
plane, it shou]d possess 10.2 T{ ions per 100 A2 (22). This would give
an area of 19 A2 for two Ti ions. This value is comparable with the
area occupied by one molecule of HCY on R3 calculated using adsorption
isotherms as shown in Table VII. Thus, cne HC! molecule may be inter-
acting with two Ti ions. The cross sectionél aréas of>HC1 adsorbed on
v-alumina (101) was 33 2/mo1 and on silica (102) was 47 R2/molec. These
values arevsignificantIy higher than that was observed on titania samples.
However, the value obtained for a-alumina. (101) of 18 ﬁzlmol Qas compar-
able with the value obtained for titanfa.. " ’

Using 16.6 Xz as the area of the hydrbgénlch1oridé molecule obtained
from liquid densiiy calculations, the ratios of the surface area obtained
from RC1 adsorption (Sycy) to the area obtained from nitrogen (SNZ) were
calculated and are shown in Table VIII. It is shown by the calculations
that once the water molecules are removed-by outgassing at 400°C, the
majority oV the surface 72-87% is occupied by HC1 molecules. Thus, Ti0p

surface has a strong tendency for HC1 adsorption.
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i TABLE VIII )

5 SH(;]/SN2 RATIOS .

z . |

«. Togl’C) A A2 R3 R1 R2
100 0.78 0.66 0.44 0.63 0.75
290 0.81 0.80 0.66 0.66 0.7
4C0 0.86 b.87 0.81- 0.72 0.85




3. ESCA Analzsis

ESCA Analysis was done to identify the elemental species present on

-~ the surface after HC1 adsorption. A chlorine photopeak was observed on

all the surfaces after adsorption of HCl. The binding energies of

chlorine and C1/Ti ratios are listed in Table IX. The values of the
Cl/Ti ratio increased significantly after adsorption of HC1 (line 3)
compared to the fresh surface as shown in Table IX. The C1/Ti -ratio
decreased by reoutgassing these samples at 100° and 400°C. Among the
uncoated titania powders, Al contatned the largest C1/Ti ratio after
reoutgassing at AOO'C while R3 did not contain any chlorine at this
outgassing temperature. As described before, by HC1 adéorption analysis
it was found that Al contained the largest amount of HCI after
reoutgassing the exposed sample at 400°C while R3 contained the least.
Therefore, the results from the ESCA analysis are in very good agreement
with the analysis done with adsorption data. Furthermore, the C1/Ti
ratio for the Ti0p surfaces after HCl reaction were significantly higher
than the same ratio for alumina which was. 0.022 (101) and silica which is
0.024 (102). The C1/Al ratio on pure crysta]]ihé alumina is
significantly lower than that was observed for alumina coated titania
samples. The alumina coating may not be complefély covering the titania
surface. The alumina cdating méy not be crystaliine and, hence, it may
be behaQing different to the pure crystalline alumina powders.

In order to identify the nature of chlorine present after HC}
adsorption, some chlorine-containing model compounds were investigated.

The binding energies of the chlorine present in these model compounds are
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shown in fable v. “The binding energy of chlorine present on the surface
after adsorption of HC1 is comparable with the chlorine preseht in NaCl,
CuClg, AIC13 and CrCl13. The chlorine in NaCl is ionic whereis chlorine
in CuClg is cobsidered‘tO‘be'covaiently bonded. Since the binding
energies ére relatively close for “all cases it is difficult tc
distinguish between covalently bonded and ionic chlorine by ESCA

analysis alone. Thus, chlorine present on the tit mia surface cou.d have

either ionic or covalent character.

4, Acidity Measurements

Results of the acidity measurements after adsorption of HC1 on
titania surfaces are given in Table XI. After the adsorptien of HC1 on
the uncoated titanias (A1, A2 and R3) oﬁtgassed at 100°C, benzeneazo-
diphen&]amine changed color from yellow to dark violet on the surface.
Thus, each of these surfaces is highly acidic after HC1 adsorption and
the surface pKa is <1.5. The alumina-coated Pl sampie changed
the color of methyl yellow from yellow to red but did not change the
color of benzeneazodiphenyl amine. The R2 sample which is also alumina-
coated changed the color of henzeneazodiphenyl amine from yeliow to light
violet. Thus, both alumina-coated samples were iess acidic compared to
the uncoated samples afﬁer HC1 adsorption. Furthermore, the acidity of
the uncoated samples was not affected by reoutgassing at 100°C, but both
Rl and R2 showed a reduction cf acidity at this outgassing temperaiure.
After reoutgassing at 400°C, Al, Rl and R? showed a large reduction in
acidity (scidity >2.3) while A2 showed an acidity equal to 2.8. After

reoutgassing at 400°C, R3 showed a color change with methyl yellow
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TABLE X

BINDING ENERGIES OF C1 2p PHOTOPEAK IN SOME MODEL COMPOUNDS

Sample

Potassium perchlorate
Sodium chlorate

~ Sodium chloride
Copper chloride
Aluminum chloride

Chromium chloride

g.E. (eV
206.5
205.6
198.0°

196.6
197.4
198.6
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(pKa = 2.8).. However, a similar color change:was observed when a fresh

sanple of R3 was outgassed at 400°C as shown in Table IV. Therefore, the

acidity of exposed R3 after reoutgassing at 400°C was not due to the

adsorbed HCT.

5. - Infrared Analysis

To further investigate the interaction of HC1 with Ti0p, the reaction
was studied by infrared spectroscopy. The infrared spectra for A2 after

outgassing at ZOO'C,'after adsorption of HC1 and after reoutgassing at

200°C are shown in Figure 55 and 56. It is clearly seen in Figure 55 that

- after reaction with HC1 the two hydroxyl groupsvcorresponding‘to 3650 cm-)

(hydrogen bonacd) and 3710 cm-1 (isolated) were completely removed. Thus
these two hydroxyl groups have reacted with HCI. In addition, a sharp
peak at 3550 cm-!, a broad band in the 3440-3000 cm-1 region and a band
at 1600 cm~! were formed. These values are consistent with the values
obtained by Primet et al. (13). The two bands at 3440-3000 cm-1 and
1600 cm-1 gave.evidence for the formation of -molecular water during the
reaction. The bending mode of water at 1600 cm? suggested that the
watéf>was moﬁomeric. The sharpnéss of the band at 3550 em=1 indicated
the formation of additional hydroxyl groups in a well defined structure.
After reoutgassihg at 200°C it was nct possible to reproduce the original
spectrum. ﬂéwever. the band at 3420 cm-1 was reformed while the 3550
cm=1 band still r-mained. This is further confirming evidence for

partial irreversibility of adsorption of HC1 onto Ti02.

6. Mechanism of ihe HCl Reaction With Titania Powders

Combining all the data obtained from adsorption isotherms, acidity
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measurements, ESCA analysis and. infrared analysis, a mechanism for the
reaction of titania surface with HCl is proposed. Both isolated and
.~ hydrogen bonded hydroxy1 groups were reactive with hydrogen chloride as

shown by infrared analysis. This could be suwmarized by the following

reaction:
c1-
COH + H
SRR
N L/
N1 e HO =TI e=Ti 4+ H0 [21]
~ Y

'Tﬁepfinal products were TiCl and Hp0. Since water was monomeric as
'obseéved.from infrared analysis, it is possible that the species _

Ti Hp0* C1- is present on the surface, as shown by the intermediate state
in'reagtion [21]. The formation of hydroxyl grbups in a well defined
strb&ture as evidenced by sharp infrared band at 3850 cm“, could ba

eiplained by reaction [22].

OH-= - - =C1

N /
ﬁ{—o}—h + HC1 <==-=\ T!—--O——T! 7 T[22}
/|\ /|\ 7N, ™~ |

_ Since hydroxyl groups formed by this reaction were hydrogen bonded to.

th]orine atoms with a definite distahce a sharp band was observed. This
reaction also explains why the reaction of HC1 with titania powders was
independent of the nunbér of hydroxyl groups on thevsurface as revealed
_From the

by the adsorption data. _alculation of the cross sectional

- area of HCl on the surface, it was found that two Ti ions Were
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~ involved with one HCl molecule. Therefore, this reaction involving
e 0. '
E Ti/ \Ti sites is also in agreement with the calculated cross sectional

. | » ‘area of HCI. Hydroxyl groups that are formed by reaction [22] could
. ' '. ~ not be removed by outgassing at 200°C but water could be removed at this
outgassing temperature.

Ci-
~g " | |
The surface species Ti is responsible for. the strong

H

§ acédity observed on the surface after reaction with HC1 and after reout?

) ‘ | --gassing at IOO'C. Since these species were removed at én‘outgassing

k . temperature of 400°C, strong acidity was not observed. The weak acid
sites present on the surface may be due to the hydroxyl groups adjacent to
chlorine atoms. Since chlorine is electronegative it couid polarize the

hydroxyl bond as shown in reaction [22] to give weakly acidic Bronsted

sites.
H Ho+
o/ ] 0’ 18-
TI' T! - ; | % - [23]
1 1 3 1
/ \o/ 4 \o/
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part 2: Interaction of Polymer Adhesives with Ti02, Ti and Ti-6-4
Powders

1. Interaction of Polymer Adhesives with Titania Powders

Heats of immersion of titania powders in po]&mer solutions were used
to study the interaction with the polymer adhesives. The importance of
propef wetting on adherend surfaées by adhesives has previously been
recognized by various workers (89,90). Molecular forces of attraction
cause the adhesive to wet and spread on the surface (80). Heats

of immersion are a measure of the adhesion or interfacial forces between

‘the liquid and the solid surface.

In this study, the heats of immersion of Ti02 powders were measured
in polymer solutions and in solvents. Any increase in the heat of
jmmersion in the polymer solution compared to that in the soivent was

used as a measure of the interaction between the polymer and the solid.

" This procedure has been used previously by Zettlemoyer et al. (103) to

study the adsorption of surfactants from aqueous solutions onto Graphon.
Heats of immersion of titania powders in LARC-13 solution, PPQ solution,
DMF and xylene:m-cresol are shown in Table XII. It is clear that there

is no significaht difference between the heats of immersion of Ti02 in DMF
and in LARC-13 solution. This indicates that there is no preferential
jnteraction of LARC-13 with any of the Ti07 powders. Furthermore,

similar heats of immersion values were obtained in xylene:m-cresol, and

- in PPQ solution for R3 powder. There was a small increase in the heats of

jmmersion in PPQ compared to xylene:m-cresol for the R1 and A2 powders.

However, for the Al powder, there was a significant increase in the heat
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 HEATS OF IMMERSION (md/me
TITANIA POWDERS OUTGASSED AT

DMF

LARC-13/DMF_
Xylene:m~Creso1
FPQ/xerne:m—Cresol
Xylene

m-Crescl

TABLE XII

N
287410
314227
261217
445417
252
339

A2
353420
384435

269210

315424
346
269

) AT 35°C OF
ROOM TEMPERATURE

[l
308+11
323437

23043

2896

320

434

R3
297426
328410
22840
25645
250
212
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of immersion (a.H) in PPQ solution compared to that in xylene:m-cresol.
This increase in a4 indicates that Al has a preferential interaction
with PPQ. To further investigate this interaction, heats of immersion
were measured as a function of concentration of Pﬁb in solution, and the
results are éhown in Figure 57. Nitrogen to titaniun‘ratios

obtained from ESCA analysis of the powders after immersion in the polymer
solutions of different concentrations are also shown in Figure 57. It
was clearly seen that both the N/Ti ratio and heats of immersion increase

with incfeasing concentration of PPQ in solution. This further confirms

‘the fact that Al has a preferential interaction with PPQ. It is

important to identify the unique surface characteristics of Al which give
rise to a preferential interaction with PPQ.

The lowest water adsorption capacity was found for the Al powder
compafed to other titania powders. This may be assoéiated with the
preferential interaction with organic polymer solution. The structures

of the LARCfl3 and PPQ are shown in Figure 58. It is also important fo S

understand'the equilibrium between the PPQ and xylene:m-cresol as shown

in Figure 59. Since m-cresol is an acidic sb]vent, the equilibrium favor
production of H* fons. These H* ions can react with the lone pair of
electrons oh nitrogen to give positively charged PPQ. This positively
charged PPQ should interact electrostatically with a negatively charged

surface. From microelectrophoresis measurements (see Table III) it was

" found that Al had the highest negatively charged surface. Thus, the

highest negatively charged Al surface interacts strongly with the

positively charged PPQ.
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2. (Characterization of Ti and Ti 6-4 Metal Surfaces

The surface areas of Ti and Ti 6-4 metal powders as a function of
5utgassing temperature are shown in Figure 60. The surface areas of both
powders were low, with Ti 6-4 having the lower surface area. A small
increase in surface area was found for outgassing temperatures between
300° and 400°C for both powders.

Hedts of immersion of the metal powders in water as a function of
outgassing temperatures are shown in Figure 61. The heats of immersion
values are higher than what was observed with titania powders at all
outgassing temperatures as shown in Table XIII. The heats of immersion
increase with increasing outgassing temperature. This behavior was also
observed with titania powders. However, it is interesting to note the
dramatic increase in heats of immersion on outgassing between 300°C and
400°C forLQch metal powders. To further investigate this, the Ti 6-4
powder was outgassed for 20 and 50 hours at 200° and 300°C, and the heats
of immersion were measured. As shown in Figure 62, there was no change
in the heats of fmmersion with outgassing time at 200°C. However, there
waS an increase in AH Wwith increasing outgassing timevat 300°C over a 50
hour period. Thus, the increase in heats of immersion observed between
300° and 400°C is a time dependent process. The long equilibriation *ime
and large value of heat of immersion at 400°C was indicative of a strong
chemical reaction. This may be due to the expoc.re of elemental Ti(0) at
400°C and its subseuent reaction with water. Elemental Ti can be
exposed in two different ways at a higher temperatqre as shown in Eigure
63. Metal can migrate through the oxide layer by a cation diffusion

mechanism, However, this cation diffusion on pure Ti metal has been
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TABLE XIII

HEATS OF IMMERSION (md/m2) OF Ti0p, Ti AND Ti 6-4 IN WATER

Al 382#15 423419 _47&#3 425128
A2 455 21 620416 735435 733150
RY 466+18 66926 818137 886 +40
R2 444413 664:23 829135 1006 £12
R3 378128 632 749 691
Ti 14244129 2039435 5929 388524702
TH 6-4 1071436 14752130 1829 32585
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- observed previcus1y only at 1000°C (9). The other mechanism is cracking

of the oxide layer at temperatures >200°C. Here, water can penetrate

- through the cracks to react with the metal.

The SEM photomicrographs of untreated Ti aﬁdvTi 6-4 powders are
shown in Figure 64. The surface of Ti is smoo;h'compared to the surface
of Ti 6-4. The Ti 6-4 consists of secondary 6$rtic1es. EDAX analysis
showed only Ti on both samples. It is interestihg to note that vanadium

or aluminum were not detected on the Ti 6-4 sample. After outgassing at

. 400°C, apparent cracking of the Ti 6-4 surface was c1early observed at
" Yower and higher magnifications as shown in Figureé 65 and 66. However,

_similar crack features were not observed as distinctly on Ti surface |

after outgassing at 400°C as shown in Figure 67. Since there could be
micro cracks which were not resolved at these magnificaticns, it is not
possible to eliminéte the possibility of cracking on the Ti surface. The
EDAX analysis showed aluminum on Ti 6-4 after oﬁﬁgassing at AOO'C.

Therefore, aluminum has concentrated in the surface region after

- outgassing at 400°C.

To further investigate the possible mechan}sm of metal exposure,
ESCA analysis was carried out on the metal powdérs'at'room temperature
and after outgascing at 400°C in situ in the ESCA spectrometer,
The results of this ESCAvana]ysié are shown in Téb1e XIV. Small
amounts of elemental titanium was observed oi Dbth Ti and Ti 6-4 surfaces
at room temperature. Trace amounts of Na and Al wére observed on . the Ti.
surface, while trace amounts of Al, V ind N were observed on fhe«Ti 6-4
surface. After outgassing at 400°C, there was no significant increase in

the amount of elemental titanium on the Ti 6-4 surface. Thus, the
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Ficure 64. Scanning Electron Photomicrographs of (a) Ti and
(b) Ti 6-4 at Room Temperature :
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Ficure 5. Scanninc Electron Photomicrographs of Ti €-3 (2) at
Room Ternerature {t) after Gutgassin¢ at 409°C
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Ficure G7. Scanninc Electrcn Photomicrogranhs of Ti (a) at
Rocm Temperature (b) after Quicassins at 400°C
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mechanism for the exposure of elemental titanium at 400°C is probably not

~ cation diffusion. Thus, heats of immersion is a new way to study the
- nature of the oxide layer on metal surfaces. It gives evidence for the

‘ possible mechanism of bond failure in thermally. aged samples.

Heats of immersion of Ti and Ti 6-4 powders in water after heating

at 400°C in air for two hours and subsequent butgassing at 100°C, 200°C,

300°C and 400°C are shown in Table XV. After heating at 400°C in air,
heats of immersion at an outgassing temperature of 200°C were lower than
that at an outgassing temperature of 100°C for both samples. The heats

of immersion values in water after outgassing at 400°C were similar for

‘the heated and fresh Ti samples. However, for Ti 6-4 after heating in

air at 400°C, the heats of immersion in water were significantly lower
than the fresh sample after outgassing at 400°C. The oxide layer on Ti
6-4 may have grown thicker after heating at 400°C in air. Therefore, thé
exposure of eleménta] Ti through this thick oxide Iéyer was less and ihis
gave rise to low heats of immersion in Qater. 'Scanning electron
photomicrographs of Ti and Ti 6-4 atter heating‘ét 400°C in air are shown
in Figure 68. The surfaces have not visibly changed as a result of
heating. If cracking of the oxide layer occurred, very large fissures
did not result. EDAX analysis showed the presence of aluminum on the Ti
6-4 surface after this heat treatment. Thus, similar to the observation
made after heating in vacuum at 400°C, by'heéting the Ti 6-4 to 400°C in
air, aluminum has concentrated in the surface'region (~ Tum).

Water vapor adsorption and readsorption isotherms at 30°C for Ti and
Ti 6-4 after outgassing at 100°C are shown in Figure 69. The readsorp-

tion isotherm was significantly lower t*:n the adsorption isotherm for
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TABLE XV

HEATS OF IMMERSION (md/m2) OF Ti AND Ti 6-4.
HEATED IN AIR AT 400°C :

Ti

Ti 6-4
Heated at 400°C

Tog(°C) Heated at 400°C
100 6688
200 2654
1300 2568
400 37832

3878
1216
1445
23020
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Figure €8. Scanring Elcctron Photomicrogranhs of (a) Ti 6-4
(b) Ti Heated in Air at 400°C




! \ h T - . .> P Y
i w\»______ ,,,,,,,,, -——,;,»_;i'*":‘;' 1 ‘_t;’/f- — e T “"'
{ T rT—— e —————
3 i
153
ORIGINAL PAGE IS
- OF POOR QUALITY
10 o — ©
o / o
. o —
8 ——
o®
Nt'\
&
S 6
)
E
O
t
e
x
w 4 cm———
= o — * . °
° o » :
’ . — — ‘ [ [ ] a —
/ Ti Ti 6-4
2 °
°TOG 100°C ° TOG 100°C
/ _ nTREOG 100°C = 'TREOG 100°C»
0 5 ‘ 10 15 20
P (mn Hg)
Fiqure 69. Adsorption and Readsorption Isotherms at 30°C for later
on Ti and Ti 6-4 Qutgassed at 100°C
{




el

-
< igee

[P RER -

154

both Ti and Ti 6-4 pbwders.J This indicated that there was-irréversible
adsorption of water vapor after outgassing'at 100°C. Furthermore, a
lower water adsorption capacity was observed for Ti 6-4 compared to Ti.
The water vapor isotherms at 30°, 40° and 50°C for Ti outgassed at

100°C are shown in Figure 70. The adsorption was lower at 50°C compared

to that at 30°C. Howevéry the temperature dependence on isotherms was

“not very strong. -This temperature dependence of water vapor adsorption

was not seen for Ti 6-4 after outgassing at 100°C. This may be due to

the irreversibility'of the adsorption process.

3. Intéraction of Polymer Adhesives PPQ and LARC-13 with Ti and Ti 6-4
Metal Powders
The heats of immersion of Ti, Ti 6-4 metal powders after outgassing
at room temperature in solutions of PPQ, LARC-13, DMF and xylene:m-
cresol are shown in Table XVI. The heats of immersion in LARC-13

solutions were significantly higher than those in DHF for both the Ti and

-T1 6-4 powdeté. Thus, LARCr13 interacts preferentially with Ti and

Ti 6-4 metal pcwders’in~contrast to the observations on crystalline
titania powders. The difference in the heats of immersion between DMF
and LARC-13 solutions were greater on Ti 6-4 than that on Ti powder. The
heats of immersion for two metal powders in PPQ solutions were signifi-
cantly higher than the heats of immersion in xylene:m-cresol. This
indicates that PPQ also preferentially interacts with metal powders.

The interaction was again more significant on Ti 6-4 compared

to that on Ti surfacé. This may be attributed to the lower water

adsorption capacity of Ti 6-4 compared to Ti. Both PPQ and LARC-13 are

i aem—— e . sl ine St
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" TABLE XVI

HEATS OF IMMERSION (mJ/m2) OF Ti, Ti 6-4, AND
" Ti 6-4 AFTER PRETREATMENTS ._

SAMPLE  DMF

Ti 10652153

Ti 6-4  233:70

Ti 6-4 10772100
Turco .
Ti 6-4 14453150

Phosphate

Fluoride

LARC-13/DMF  XYLENE:m-CRESOL  PPQ/X{LENE :m-CRESOL

1492460 - 8911454 12624147
74536 284490 . 6934
24844150 924 160 23191200
3298+200 12764150 20731250
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used to bond Ti 6-4 in metal structures. Since molecular attractive
forces contripute to the heats of immersion, the above observations serve
to re-emphasize that molecular forces play an important role in
metal-polymer bonding.

It is also interesting to note the marked differences between the
pure crystalline titania powders and the oxide surfices present on the
metal powders as shown in Table XVII. This indicates that crystalline
titania powders are not a gocd choice to simulate the oxide surfaces on
Ti or Ti 6-4 coupons.

Heats of immersion of Ti in LARC-13 solutions as a function of out-
gassing temperature are shown in Figure 71. The difference in heats of
smmersion between LARC-13 solution and DMF increased with increasing out-
gassing temperature up to 300°C. This is probably due to the removal of
water molecules from adsorbing sites by high temperature outgassing, thus
facifitating the reaction with LARC-13 polymer. However, at.400'C this
differencé'was negligible, but the absolute values of heats of immersion
were very high. This high value for the heat of immersion at 400°C is
attributed to the feaction of elemental titanium metal with the solution.
However, once the metal is exposed, the LARC-13 did not show any prefer-
ential interaction.

The heats of immérsion of Ti 6-4 in LARC-13 solution, DMF, PPQ
so]utioh and m-cresol:xylene as a function of outgassing temperatures are
shown in Figure 72. As observed with Ti in LARC-13 solution, the differ-
ence in the heats of immersion between the polymer solution and the
solvent increased ué to outgassing temperature of 300°C. The difference

in the heats of -immersion became rnegligible at 400°C. This again
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TABLE XVII

COMPARISON OF THE PROPERTIES OF CRYSTAL! T™Z TITANIA AND THE
OXIDE LAYER PRESENT ON THE METAL POWIERS

Property Ti07 Ti and Ti_6-4

Heats of Immersion
in water -

(a) Tog 100°C-300°C
(b) Tog 400°C

High
1000-6000 mJ/m2

400-800 mJ/m2
32000-39000 mJ/m2

400-1000 mJ/m2
Water vapor Adsorption

Fully Reversible Partially Reversible

Surface Area 10-50 m2/g 0.1-0.2 m¢/g - low
Interaction with Ko preferential Preferential
LARC-13 solution Interaction Interaction
Interaction with Only Al shows Preferential
PPQ solution preferential Interaction

R Interaction . :
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“indicates thét;once the elemental metal wasbexposed to the polymer
. solution, a levelling effect in which no preferent1a1 interaction with

" ppQ and LARC- 13 on Ti 6-4 surface was observed.

_The heats of immersion of Ti in PPQ solution and in xylene:m-crescl

as a function of outgassing temperature are shown in Figure 73. The

~‘difference in heats of immersion between the polymer and the solvent

increased with increasing outgassing temperature. However, at 400°C the‘
heat of immersion in PPQ solution was significantly higher than that in
the m-cresol:xylene. Therefore, once the elemental titanium was exposed

at 400°C, PPQ interacted preferentially with the Ti surface. This

. behavior was not observed with Ti 6-4 and PPQ. EDAX analysis showed the

presence of aluminum after outgassing the Ti 6-4 at 400°C. Thus, this
difference in the interaction with PPQ at outgassing temperature could be

due to the presence of aluminum on Ti 6-4 surface.

4. Pretreated Ti 6-4 Surfaces

The properties of Ti 6-4 powders after Tcho and phosphate-fluoride
pretreatments were 1nvestigated in this study since significant improve-
ments in adhesive bonding have been observed fo]low\ng these pretreat-
ments.

The surface areas .of Ti 6-4 pretreated w1th Turco and phosphate-

’fﬂuor1de processes were 0.25 mé/g and 0.24 m2/g, respectively. There is

an appreciable increase in surface area after both the pretreatments.
The scanning eléctron photomicrographs of the Ti 6-4 powders after the
two pretreatments are shown in Figure 74. There were no significant

differences in powder morphology after either pretreatment. EDAX

S r"“i :
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analysis showed the presence of aluminum on the phosphate-fluoride etched

. surface.

Heats of immersion of Ti 6-4 after the phosphate-fluoride and Turco

pretreatments: in water are shown in Figure 75.  The heats of immersion

. were simiiar up to a 200°C outgassing temperature. However, at 300°C,

heéts of immersion values were slightly higher on the pretreated surfaces
than on the untreated surface. At 400°C, tﬁe-ﬁhosphate-f?uoride etched
surface showed a significantly higher heat of’immersion value compared to
both Turco etched and fresh Ti 6-4 surfaces. It has been shown by
previous workers (85) that the Ti 6-4 surface pfetreafed with phosphate-
fluoride process resuits in a thin oxide 1ayer; Therefore, exposure
of elemental titanium thrbugh this thin.oxide layer would be edsier.
Hence, after phosphate-fluoride pretreatment, a higher value of heats of
immersion in water was observed. |

The heats of immersion of untreated and pretreated Ti.6-4 in polyrer
solutions and solvents are shown.in Table XVI.; It is clearly seen that
the differance in heats of immersion betWeen'ihe polymer solution and
solvents have increased considerably affer pretreatment of the Ti 6-4.
Thus, there is calorimetric evidence that pretreatment processes can
enhance the bonding between the polymers and Ti 6-4 surface. The prefer-
ential interactions of LARC-13 and PPQ were similar on Ti 6-4 after the
Turco pretreatment as noted by the difference in heats of immersion in
the solvent and polymer solution. However, interaction between LARC-13
aﬁd phosphate-fluoride bretreated Ti 6-4 was significant%y stronger than

the interaction with PPQ. Thus, this heat of immersion stucy further
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establishes the importance of surface pretreatment in metal-polymer

Donding. It gives further evidence for the bonding mechanism involving

molecular forces of attraction in the adhesion process.
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V. SUMMARY

A summary follows of the ihferaction between water cnd hydrogen
chloride with both anatase and rutile Ti0p powders. }

X-ray diffraction analysis showed that powder Al was 100% anatase,
A2 was 87% anatase and 13% rutile, and R1, R2 and R3 were 100% rutile.
SEM/EDAX aﬁélysis showed secondary particles giving only Ti sfgnals.
ESCA ana1y§%s showed that the two rutile powders R} aﬁd R2 were aluhina-
coated. Chlorine. phosphorus and potassium were detettedvon Al powder.
The indicator method showed that R1, R2, Al and A2 poners were basic
IpKa > 7.6). This basicity was unchanged by outgassing at 400°C. Powder
R3 was found tb be acidic (pKa ~ 1.5) and a decrease in acidity
(pKa ~ 2.8) was found-after outgassing at 400°C. A dréétic reduction in
acidity (pKa > 7.6) was found after oxygen treatment on R3 outgassed at
400°C. _

Microe\ebtrophoresis analysis showed that Al had.the highest nega-
tively charged surface, while R3 had the highest'positfvely charged
surface. Syrface charge was ndt affected on Al, A2, R1 and R2 powders
by outgassing.at 400°C while a decrease in positive charge was
observed on R3 powder. Infrared qna]ysis of A2 showed iﬁe presence 6f
three kinds of hydroxyl groups, naﬁely isolated, hydrogen bonded and
bridged hydroxyl groups. Powder Al showed less dependence of the heat of
immersion in water on outgassing temperature (100-400°C) than the other
titania powders. A2, Rl and R2 showed an increasé in heats of immersion
with increasing outgassing‘temperature. R3 showed a maximum in the heat

of immersion at 300°C.

a - ' 167
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Water adsorption capacity of Al powder was not affected by

" increasing outgassing temperature from 100 to 400°C. This was attributed

~ to the presence of phosphorus which can replace the hydroxyl groups on

the Al surfacé. A2, Rl and R2 showed an increése in water adsorption
capacity Qith increasing outgassing temperature similar to the heat of
immersion data. This is due to the successive removal of hydroxyl groups
with different energies at higher outgassing temperatures. R3 showed an
increase in heats of immersion with increasing outgassing temperature and
a decrease at 400°C. This decrease in adsorption capacity, heats of
immersion, surface acidity and surface charge at 400°C was attributed to
the irreversible condensation of hydroxyl groups. Isosteric heats of
adsorption of water on R3 and A2 outgassed at 100°C were comparable to
the heats of adsorption involved in the formation of hydrogen bonds

between adsorbed water molecules and surface hydroxy! groups. Powder

Al after outgassing at 100" and 400°C showed low isosteric heats of

adsorption.

Adsorptién of HC1 at 30°C on all titania powders outgassed at 100°,
200" and 400°C showed a dependence on the outgassing temperature. This
dependence was highest for R3 powder while it was lowest for Al powder.
Part ~f the HCT was irreversibly adsorbed at 30°C on all titania powders
and could not be completely romoved by reoutgassing at 100°C. For Ai,

A2, R} and R2 powders this .r-eversibly adsorbed HCl could not be even

- removed by reoutgassing at 400°C. However, adsorbed HC1 on R3 powder was

completely removed py reoutgassing at 400°C. Al showed the highest HCl
adsorption while R3 showed the lowest. Thus, HC1 adsorption was found to

be ihdependent of the number of hydroxyl groups present on the surface.




B e e

163

~ Titania surfaces were found to be strongly acfdic (pKa < 1.5) after

- HOY adéorption. ESCA analysis showed the presence of C1 on all titania
samples after HCT adsorption. It was not pdssible to distinguish whether
the chlorine was ionic or covalently bended. Infrared analysis of A2
after HC) adsorpt!on showed the formation of new tjpe of hydroxyl groups
and water. Based on the experimental data a mechanism for the HKC1
react1on was proposed involving both T1 \\Tl s1tes and Ti-0H sites.
4Heats of immersion of titania in aqueous HC1 was h1gher than in water.
Further, the heat of immersion was very high in HC1 for R1 and RZ powders
due to dissolution of the alumina coating.

A summary follows of the heats of jmmersion of Ti0z, Ti and Ti 6-4
powders in water, poliymer primer solution énd solvents. Heats of V
immersion of Ti and Ti 6 4 metal powders in water were significantly
higher than for the titania powders. The heats of 1mmers1on increased
with increasing outgassing temperature and an anomalous tncrease was
observed hetween 300 and 400 C. Fufther, the heat of immersion was
.independent of ocutgassing time at 200°C but 1ncreased for longer
outgassing times at 300°C. These results were attributed to exposure of
water to elemental titanium as a result of cracking of the thin oxide
surface layer at 400°C. SEM_photomicrographs of fi showed evidence of
cracking at 400°C. ESCA analysis did not support the nossibility of
metal migration through the oxide layer. ‘A

LARC-13 polyimide did not interact preferentially with any of the
titania powders.b However, po]ypheny]quinox;line (pPPQ) interacted prefer-
entially with Al powder. Both polymers LARC-13 and PPQ interacted

preferentially with Ti and Ti 6-4 powders as gauged by the larger heats
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owders in the polymer solutions compared to the

of immersion in watér was observed after outgassing
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