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/:jThe hydration of aluminum surfaces prepared for adhesive bonding
by anodization in phosphoric acid has been studied using surface behavior
diagrams. These surface behaviof diagtams, which are similar to phase
diagrams for equilibrium bulk phases, trace the evolution of the alumi-
num adherend surface composition, obtained by X~-ray photoelectron spec-
troscopy, during the hydration process. When supplemented with high
resolution scanning electron micrographs and Auger depth profiles, the
surface behavior diagrams show that hydration proceeds in three steps.
The first is reversible and consists of the adsorption of water by the
monolayer of AlPO4 initially present on the surface. It involves no
change in the oxide morphology. The second, which appears to be rate
controlling, involves the slow dissolution of the phosphate follnwed by
rapid hydration of the exposed alumina to the oxyhydroxide, boehmite.
During this stage, extensive morphological changes occur as the boehmite
fills the pore cells and bridges the whiskers of the original surface.
The firial step consists of the nucleation and growth of the trihydroxide,
bayerite, on top of the boehmite. Using these results as examples, we
propose the surface behavior diagram approach as a new tool for the
study of siarface reactions in general.
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FOREWORD

This document is the final report on work done by Martin Marietta

Laboratories (MML) under the Air Force Office of Scientific Research

Contract F49620-78-C-0097.

required work under the contract.

This report completes the Laboratories'

The principal investigators at the Labs were Drs. Guy D. Davis and

Tsishung Sun.

Jar-Mo Chen.

Co-principal investigators were Drs. John D. Venables and

Mr. Robert C. Butler performed the hydration and X-ray

photoemission measurements.
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I. INTRODUCTION

During the last four years, investigators at Martin Marietta
Laboratories have conducted a comprehensive investigation to determine
the fac s responsible for promoting the integrity and long-term
durability of adhesively bonded aluminum structures. Two extremely
important concepts have evolved from this work. First, it has been
clearly demonstrated that the microscopic roughness of the oxide surface
on Al is the single most critical factor in determining initial bond
strength.(1) Rough and porous oxides are produced by various etching
and anodizing pretreatment processes, such as the Forest Products
Laboratory (FPL) sulfuric acid~sodium dichromate etch,{(2) phosphoric
acid anodization (PAA),(3) and chromic acid anodization (CAA).(4) The
rough surface is important because it mechanically interlocks with the
overlying polymer to form a much stronger bond than is possible with a
smooth oxide.

The second important finding is that the long~term durability of
aluminum/polymer bonds is determined almost exclusively by the degree of
stability of the aluminum oxide fn a humid environment.{(53) Moisture
transforms the oxide to a hydroxide with an accompanying morphological
change. The resulting material, the boehmite form of aluminum hydroxide,
adheres poorly to the aluminum beneath it. Therefore, once it forms,
the overall bond strength is severely degraded.

In the past year, we have made a dedicated effort to understand
the oxide-to-hydroxide conversion process on aluminum. One of the

techniques we have developed to study this problem is discussed here in




detail. In brief, we have used X-ray photoelectron spectroscopy (XPS)
(also known as electron spectroscopy for chemical analysis [ESCA]) to
provide data for generating surface behavior diagrams. This type of
diagram, which is similar to a phase diagram for equilibrium bulk phases,
is a convenient and potentially very powerful technique for tracing the
evolution of surface reactions and the stability of adsorbed species.
As far as we know, this is the first time that such an approach has been
used in the study of surfaces and we suggest that it may find general
applications in the surface science field.

The present study covers our investigations into the stability of
aluminum surfaces that have been treated with the PAA process. Our
objective was to determine why the PAA oxide is more stable in a humid

environment than oxides produced by other adhesive bonding procedures.




II. EXPERIMENTAL TECHNIQUES

The XPS measurements were done with a Physical Electronics
spectrometer (Model 548) featuring a double-pass cylindrical mirror
analyzer (CMA) capable of Auger—electron spectroscopy (AES), X-ray photo-
electron spectroscopy (XPS), and ultraviolet photoelectron spectroscopy
(UPS). Several important features of this spectrometer were reported
previously.(6-8) The X-ray source, which contains a Mg anode, has
a characteristic Ka line at 1253.6 eV, and a line width of 0.6 aV
without monochromatization. The energy resolution of the analyzer was
set at ~ 4.0 eV for panoramic scans (with binding energies of 0 - 1000
eV) and at ~ 1.0 eV for individual peak analyses (with 10~20 eV ranges
of binding energies). The high-resolution spectra were used to obtain
line intensities and to determine peak positions.

The intensity of an XPS line was calculated from the area under
the peak after a linear background subtraction. To perform quantitative
analysis, the sensitivity factors of the major XPS lines, Al 2p, P 2p,
and 0 1s, were determined from the spectra of high-purity powders of a—
Al203, Y-Aly03, AlPO4, and Na3PO4. As indicated in Table I, the
sensitivity factors (normalized with respect to oxygen) agree fairly well
with published values.(9) The relative elemental concentrations of a
surface were determined from the intensities of the XPS lines of the
various elements divided by the appropriate sensitivity factors and then
normalized so that the total concentration of the individual elements

added to 100%.




TABLE I

) XPS Sensitivity Factors

Element XPS Line This Work Ref. 9 :
[} 0 1S 100 1.0
Al 2p 0.20 0.17

P 2p 0.51 0.40




Thé binding energy scale of the spectrometer was calibrated with
reference to the Au 4f7/2 and C 1ls peaks at 83.8 and 285.0 eV, respectively.
However, since charging of non-conducting surfaces may shift observed
binding energies uniformly, only differences in binding energies are
reported.

Oxide morphology and hydrate structure were studied with a JEOL
100CX scanning transmission electron microscope (STEM), operated in the
high resolution scanning mode. The details of STEM specimen preparation
were described in a previous study.(1) To improve the topographic
perception of the surface structures, we made stereo pairs (10° tilt
angle) of all the micrographs at 50,000X, unless otherwise indicated.

The specimen strips (1 cm x 8 cm) were made from sheets of commercial g
2024~T3 Al alloy with a nominal composition of 93.5% Al, 4.4% Cu, 1.5% E
Mg, and 0.6% Mn (by weight). They were pretreated with the Forest Products »
Laboratory (FPL) process,(2) which consists of degreasing, alkaline cleaning,
and etching in a solution containing NaZCr207-2H20, H,580,, and Hy0 in a

1:10:30 ratio by weight. After a thorough rinse, the specimens were

anodized for 20 min in an aqueous solution of 10 wt.7% H3PO4; at +10 V
with respect to a Pt counter-electrode. The anodized specimens were

rinsed with distilled water or, in some cases, with acetone, dried with

warm air, and stored in a vacuum desiccator at room temperature.
The anodization produced an oxide film consisting of a thin (100 A)
barrier layer adjacent to the metal and a thick (~ 4000 &) porous

layer at the top. Researchers at the Labs have investigated several

important characteristics of the oxide film.(1,5,6,10,11) The porous




layer consists of a thin barrier layer underneath closely packed pore
cells, with fine whiskers at the top. Figure 1 shows stereo electron
micrographs and an isometric drawing of the oxide morphology from a fresh
specimen. The anodic oxide is composed predominantly of amorphous Al303.
The major components of the alloy, Cu, Mg, and Mn, are not present in
the oxide within the limit of the XPS detectivity (~ 0.1%).

Identically prepared PAA-Al coupons were exposed to air (at either
50° or 60°C) saturated with water vapor (100% relative humidity) in a
Blue M temperature-controlled humidity chamber. The samples were suspended
vertically so that condensation could drip off. The specimens were
removed from the humid environment at different intervals, dried with
forced air at room temperature, and stored in a desiccator prior to

measurement with the STEM or the XPS spectrometer.
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Figure 1, a) Ultra-high resolution stereo SEM micrograph and b) iso-
metric drawing of the oxide morphology on a PAA-treated
aluminum surface. The origin of the depressed region in the
oxide seen in a) is unknown, but may have been due to a gas
bubble that inhibited oxide growth., (50,000x)

- 12 -




IIT. RESULTS

A. Chemical Information from XPS

A typical XPS spectrum of the PAA oxide is shown in Fig. 2. Only
four elements -~ Al, P, C, and O -- are present on the surface. This
result 1s consistent with that of a previous study based on Auger electron
spectroscopy. (10) According to the Auger depth profiles, the hydro-
carbon specles is present only on the surface layer and is attributed to
contamination. Based on the binding energy differences of their XPS
lines, the chemical states of Al and P are identified as those of Alj03
and a phosphate, presumably AlPO4, respectively (Table II). Any excess
oxygen, indicated by quantitative analysis, is assumed to be bonded to
hydrogen, which cannot be detected directly by XPS, but which has been
detected by infrared spectroscopy.(12,13) Since the hydration products
of A1203 ~=- Al100H and Al(OH)3 - can be written in the form Al,03+nH,0,
the surface composition can be represented as a linear combination of

Al703, AlPO4, and H30.

B. The Surface Behavior Diagram

The elementary composition defined from XPS measurements can be
converted into a ternary composition xA1303 + yAlPO4 + zH20. The measured
intensity of the 0 1ls peak is assumed to be the total of the contributions
from oxygen in Al703, AlPO4, and H70. These two systems are related to

each other through the following equations:

-13 -
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Table I1

Binding Energv Differences for Several Al- and P-Containing Compounds

Sample

PAA surface
A1POy
Na3PO,
Al904

Al(OH)3

Binding Energy Di” _.erences (eV)

(0 1s - Al 2p)

456.2

456.4

456.0

456.9

- 15 -

t 0.4

* 0.4

(0 1s -~ P 2p)

396.7

397.2

397.1

t 0.4

* 0.4

t 0.4




x = K(Ca1 - Cp)
y = 2KCp (1)

z=K(2C0—3CAl—5CP)=1-x—y

where C is the relative atomic concentration of the element denoted by
the subscript and K = 1/2 (CO-CAI—ZCP)'l, a normalization factor. Each
composition can be plotted as a point (x,y,z) in the surface behavior
diagram as shown in Fig. 3. The results for several known compounds and
the PAA oxide specimens prepared under different conditions are shown in
the behavior diagram and are discussed below.

Because the data obtained from Alp03 and A1PO4 were used as
reference standards to determine the sensitivity factors of the elements,
their experimental and calculated compositions are, by definition, identical.
However, the agreement between the measured and calculated compositions of

the two aluminum hydroxides, A1OOH and Al1(OH)3, validates the sensitivity

factors used in this work.

C. The Initial Oxide Surface

The compositions of the PAA oxides lie along one of two tie lines:
A1P0O,-A1,03 or AlPO,-nH,0-A1,04 (n € 1). The large variation in the
Al1PO4 to Al203 ratios is attributed mainly to differences in the post-
anodization rinse conditions. For example, coupons rinsed with acetone
rather than water exhibited much higher phosphate concentrations and
little, if any, detectable Al703. The AlPO4 concentrations observed on
water-rinsed surfaces range up to ~ 53% (Fig. 3, points a and a'), with

the majority clustering at ~ 20%, a value corresponding to a monolayer

- 16 -
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of A1PO4 on top of the Al03 substrate (assuming the mean free path
of the P 2p and Al 2p photoelectrons is 16 A(l4) and the average
thickness of one A1PO4 layer is ~ 4 A),

The majority of the PAA specimens exhibit some degree of hydrationm,
i.e., z # 0, due to the presence of the AlPO,-nH,0 phase, (n < 1).
However, dehydration occurred readily in vacuum as illustrated by two
pairs of data points, a-a' and b-b' (Fig. 3). The unprimed entries
represent the surface compositi~ns shortly after the coupons were placed
in the ultrahigh vacuum (UHV) chamber and the primed entries represent
the compositions for the same specimens after they were kept in the vacuum
for three days. The latter points indicate a nearly total reduction of
water content. Another specimen, ¢, kept in a vacuum desiccator for 50
days before transfer to the UHV chamber, also exhibited an unhydrated
state. The scatter in composition along the horizontal direction, then,
is attributed primarily to the storage conditions of the specimens. As
a general rule, the longer the specimens were stored in vacuo, the closer
the composition to the AlPO4-A1203 tie line. Furthermore, the oxide
morphology (as observed in the STEM) within each group of identically
anodized specimens is not detectably different despite the variation in
water content. These results suggest that the initial hydration stage

is reversible, involving the adsorption of water by the AlPO, on the

surface.
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D. Evolution of Surface Composition During Hydration

The results for a series of specimens that were prepared identically
but exposed to 100% relative humidity at 50°C for various lengths of time
are shown in the behavior diagram of Fig. 4. The exposure time (in hours)
is indicated by the number adjacent to each data point. For comparison,
the corresponding stereo micrographs of four of these specimens are shown
in Fig. S.

With 1- and 2-hour exposures, the H20 concentration on the
specimen surface Increased slightly, but the composition remained near the
AlPO,+nHy0~A1,04 (n < 1) tie line. No change of oxide morphology was
seen for these samples, iIndicating that the hydration activity at this
early stage was confined to the first few atomic layers and probably
involved the adsorption of water by the AlPO4, as mentioned earlier.

When the exposure was increased from 2 to 4 hours, the surface
composition evolved away from the AlPO,-nH,0-Al,04 (n € 1) tie line. VNew

structures, presumably some hydration product, appeared to grow around the

whiskers, forming bridges between them, and, in some cases, covering the pores

(Fig. 5). This stage marks the beginning of a more drastic hydration
activity.

As the humidity exposure is increased further, the H70 content
increases at the expense of both Al703 and A1PO4. The composition changed
steadily along a straight line until it reached A100H (boehmite) at 96~
hour exposure. From this point on, further exposure caused the composition

to change along the A1303-H20 tie line toward the most advanced hydration
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state, i.e., A1(OH)3 (bayerite), as indicated by the point for the specimen
exposed 192 hours (Fig. 4).

The corresponding electron micrographs (Fig. 5) show that the
hydration product nearly fills up the pores at 24-hour exposure and
grows to an over-—layer at 72 hr. Electron diffraction analyses made at
both stages revealed the structure of a boehmite phase that corresponded
to the composition data obtained with XPS. When the exposure is increased
to 192 hours, crystallites of a second hydration product covered the
specimen surface (Fig. 5d). An X-ray diffraction analysis on the layer
covering this specimen revealed both bayerite and boehmite structures,
with the first one dominant, i.e., a layer of bayerite has grown on top
of the boehmite. These results are consistent with those of Vedder and
Vermilyea(12,15) who used bulk-sensitive techniques and reported the
formation of a pseudo-boehmite phase with a water content between that of
boehmite and bayerite.

A second hydration experiment was performed at 60°C at 100% relative
humidity. The hydration process again followed the same tie lines shown
in the behavior diagram in Fig. 4. 1In general, less time was required for
the hydration to occur at 60°C than 50°C, but there was considerable
variation from sample to sample and across the same sample. We can
correlate these variations with nonuniformities in phosphate coverage;

the greater the phosphate concentration, the longer the time to hydra—-

tion. (16)

- -




IV. MODEL OF THE HYDRATION PROCESS

To help develop a model for the hydration process, we compared the
expected surface composition changes with the experimental results for
various possible reactions.

The initial specimen composition at a given stage is defined
as xAl903 + yAlPO4 + zH0, i.e., at the position (x,y,z) in the behavior
diagram. At some small time interval later, the concentration changes to
a new position (x+Ax, y+4y, z+Az), where Ax + Ay + Az = O (see Fig. 6).
The direction of evolution is described by the angle a between the line
connecting (x,y,z) and (x+A&x, y+Ay, z+Az) and the horizontal axis. It

can be shown by trigonometric construction that:

3
tan a = 1 + 2Ax/Ay. (2)

This equation allows us to determine the direction of evolution with
respect to the following possible reactions:

(a) Hydration of surface A1PQ, to form A1PO,-nH,0. In this

case, the AlPO4 content does not change significantly, whereas the
content of Hy0 increases at the expense of detectable Al903, i.e.,
Az>0, Ay=0, and Ax=-Az. It follows that tan @ = 0 and o = 0, Thus,
the surface composition evolves along the horizontal direction (path a
in Fig. 7). The dehydration of AlPO,+nH,0 proceeds in the same way,
but in the reverse direction.

This behavior can also be generalized to a surface containing no

phosphate. The surface Al1703 becomes hydrated and less of the underlying

- 23 -
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Figure 7.

AI(OH)3 AIOOH

The surface behavior diagram showing different evolution paths
of surface composition: a) hydration of surface AlPO; to form
A1PO4nH,0; a') hydration of surface Al203:nH70 to Al03-mH20,
m>n; b) nucleation and growth of a hydrated phase A100H;

c) dissolution of AlPO,-nHy0 without hydration of underlying
Al03; and d) dissolution of AlPO-mH,0 followed by hydration of
Al903.

- 25 -
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Al703 is detected. The composition then follows the Alp03 - H20 tie line
(path a' in Fig. 7).

(b) Nucleation and growth of a hydrated phase with composition

Al,03+nH,0. Phenomenologically, the surface coverage of Al,03-nH,0
increases with time at the expense of the original surface composition.

The new surface composition can be expressed as

H ’ 6A1203'HH20 + (1"6') (XA1203 + yAlPOl‘ + ZH20)
where § denotes the increment of the hydrated phase and §' the corre-
’ sponding decrement of the original surface constituents. Thus Ax = §&-x6', |

Ay = -y8', and Az = nd-z28'. The requirement that A4x = Ay + Az = 0
implies that &6' = (n+1)8. Therefore, Ax = [1-x(n+1)]8, Ay = -y(n+l)§,

and, accordingly, f

tan a = (3)
2l - 1
' L+ y[ n+1]

This tangent defines the tie line connecting the initial point (x,y,z) and

the end point corresponding to Al,0,°nH,0 on the behavior diagram (path b
273 2

»
in Fig. 7). The composition of each point on the tie line is a linear
combination of the two end points. When n=1, a special situation
arises, and the end point corresponds to AlOOH.
»
(c) Dissolution of AlPO, or AlPO,+nH,0 without hydration of the
; underlying Al1703. In this case, more Al203 is exposed, &x > 0, and AlPO4
) N 3
: and H70 decrease proportionally Az = nAy < 0 and tan a = -
A ] 2n + 1 |
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The surface composition evolves along a tie line connecting the initial
point and that corresponding to Al203 (path ¢ in Fig. 7).

(d) Dissolution of AlPO, or AlPO,-nH,0 followed by hydration of

the A1703. This case can be considered a combination of reactions (b) and
(c). The initial and final compositions are the same as (b), but the
phosphate concentration initially decreases more rapidly in this example.
The composition of the surface evolves along a curve bounded by tie line
b and tie lines ¢ and Al703-H70 (path d in Fig. 7). The deviation of
this curve from the straight line is a function of the relative kinetics
of the two mechanisms. In the limiting case, i.e., where the dissolution
of P043' proceeds slowly (i.e., it is the rate limiting step) and the
nydration of the exposed surface follows quickly, the evolution of the
surface oxide composition would be very similar to that of case b.
These are, in fact, the expected relative rates of dissolution and hydra-
tion and to distinguish between the two cases, additional measurements
are needed. The results of the measurements are discussed below.

Thus, the surface behavior diagram (Fig. 4) and the above analysis
suggest a three-step model for the hydration process of the PAA oxide.
In the first step, the surface AlPO, layer hydrates to form A1POj *nH,0.
This initial step may be regarded as a precursor activity because it can
occur readily during storage or as a result of improper drying of the
sample and can be easily reversed. Furthermore, no change of oxide
morphology can be detected by the STEM. This step is characterized by a

horizontal evolution in the behavior diagram.
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Because the evolution of the surface composition during the second
step of the hydration process is directly toward A1OOH, the hydration
must proceed by either 1) the nucleation and growth of AlOOH without
dissolution of the surface phosphate layer or 2) a slow dissolution of
phosphate followed by rapid hydration of the exposed Al703. We cannot
distinguish between the two possibilities with our surface composition
data alone, but the following two arguments suggest that the second
reaction is applicable. First, the formation of AlOOH requires the
availability in solution of aluminum ions that must come from dissolution
and hydrolysis of Al1203, 1.e., the protective phosphate layer mu-t
dissolve or become discontinuous to make the aluminum icns available.
Second, and more demonstrably, Auger depth profiling indicates that less
than one-fifth of the phosphate originally present (Fig. 8) is detected
throughout the boehmite layer of a hydrated surface (Fig. 9). Therefore,
we propose that phosphate dissolution plays an important role in the
hydration of PAA surfaces. In fact, during the second step it appears
to be the rate controlling process.

The third hydration step comprises the nucleation and growth of
the bayerite phase, A1(OH)3. The surface composition evolves along
the Al903-H90 tie line, i.e., the normal hydration path of pure Al;03.
Although SEM micrographic and X-ray diffraction analysis indicate bayerite
crystallites on top of the boehmite, the results are insufficient to
determine whether the bayerite is converted from the boehmite via dissolu-

tion-redeposition or by simple nucleation in the presence of the boehmite.
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Figure 8. Auger depth profile of unhydrated PAA oxide on 2024 aluminum.
» The numbers in parentheses are the kinetic energies of the
Auger transitions used. The relative scale for each transi-
tion is given by the number following the parentheses.
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All the behavior diagrams shown up to now have described the
near-surface region of the samples. As mentioned earlier, the photo-
electrons measured to generate the behavior diagrams have a mean free
path of 4-5 atomic layers. Consequently, the signal from the outermost
surface layer is only one-fourth the total signal; the behavior diagrams
thus indicate the depth of the hydration products. We can adijust for
this effect to derive the hydration behavior diagram for the outermost
surface layer only (Fig. 10). It shows an initial monolayer of A1lPO,
which adsorbs water to become AlPOa-nHZO (n € 1). Hydration continues
with the nucleation of an AlOOH surface layer. Finally, the surface

hydrates further to become A1(OH)3.
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Figure 10.
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3

Surface behavior diagram of the outermost surface layer
of 2024 aluminum hydrated in 1007 relative humidity at
50°C for 73 hours only. Hydration consists of three
steps: a precursor hydration of the AlPO4;, the nuclea-

tion and growth of A1QOH, and the nucleation and growth
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V. SUMMARY

By using surface behavior diagrams to trace the evolution of the
surface composition of a phosphoric-acid-anodized aluminum adherend exposed
to a water vapor-saturated atmosphere, we have shown that the hydration
process proceeds in three stages. The first stage involves the adsorption
of water by the monolayer of AlPO4 present on the surface. This adsorption
occurs readily during storage, but is reversible and involves no morphological
change. In the second stage, the AlPO4 monolayer slowly dissolves and
the exposed A1903 quickly hydrates to boehmite A100H. It {is this
rate-limiting dissolution of the protective phosphate layer that provides
the PAA aluminum surface its superior hydration resistance and its long-
term adhesive-bond durability. In the final hydration step, the surface
hydrates further to become bayerite A1(OH)3.

This three-step nature of the hydration process became evident
only upon plotting the surface composition, as a function of time, on
the AlPO4-A1903~H90 surface behavior diagram. Because changes in
the composition of surfaces as a function of time, temperature, and
other variables can be easily visualized on the appropriate surface
behavior diagrams, we expect they will become a generally useful tool to

study surface reactions.
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