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GLOSSARY.

TECHNIQUES

SEM - Scanning Electron Microscopy

EDAX - Energy Dispetrsive Analysis of X-ray Fluorescence

ESCA - Electron Spectroscopy for Chemical Analysis (X-ray
photoelectron spectroscopy)

SRIRS - Specular Reflectance Infra-Red Speclroscopy

MATHEMATICAL SYMBOLS

B elastic modulus
energy dissipated per area during fracture (fracture
toughness)

G
£ - length of initial crack
8
o}

— thickness of zone of fracture
- stress at which fracfure occurs
Y. — surface energy created during fracture
P — all other components of G, except vy _, including work
of plastic deformation, sound, ligh%, cto.
F - force of peeling tape
0 - adhesive failure energy :
0y ~ work of bond fracture after rheological losses have
been taken into account
Wa ~ thermodynamic work of adhesion
T - intrinsic adhesive failure energy
F_ - intrinsic adherend failure energy
i7- fraction of interfacial failure
r - fraction of adhesive failure
s —~ fraction of adherend failure
Tg - glass transition temperature
¢ - rate of erack propagation
8., — WLF shift factor

Yc - ¢critical surface tension

CHEMICALS, SOLVENTS, ETC.

BTDA -~ Benzophenone Tetracarboxylic Acid Dianhydride

DABP - Diaminobenzophenone :

PMDA Pyromellitic Dianhydride

ODPA Oxydiphthalic Anhydride

EAH-13 - m,m"-Diamino Terbenzylone

DG - Diglyme

DMAC - Dimethylacetamide

DMF - Dimethylformamide

HT-S/P13N - Hercules Graphite fiber/Ciba-Giegy Addition Polyimide
L3S —~ Lap Shear Strength

|

I



I. INTRODUCTION

Adhesive bonding of aerospace systems and components is
increasing at a rapid pace. Substantial cost savings can be
obtained. primarily because of reduction in weight and in manu-
facturing costs. Other advantages over riveted or bo}ted struc-
tures are fgcile Jjoining of thin and contoured sheeté, reduced
stress concentration and galvanic corrosion, ete. Adhesives are
“the only practicable way to join fiber-reinforced composites and
honeycomb strucfures.

However, the service requirements become ever more rigorous,
exceeding the propery limits of most synthetie organic polymeés.
For example, the current goal is an adhesively bonded structure
exhibiting usable strength for 10,000 hours- at 600°F CSlGOC).

The total system also must be able to withstand exposure to high
humidity and severe temperature cycles. Furthermore, restrictions
are placed upon polymer synthesis by the need for good process-
ability with very low volatiles under stringent autoclave
conditions. '

Obviously an interdisciplinary research program is necessary
to solve the many problems invelved in the application of adhesive
bonding in aerospace technology. Such a program was initiated
in October 1972 at VPI & SU under Contract NAS1-10646-14, with’
the initial objective of evaluating surface characteristics
associated with good adhesive joints. NASA Langley Research
Center provided the aerospace engineering, polymer synthesis and
testing aspects of this collaborative approach to improved, high-

performance adhesive technology. This report is the third of a



series (1,2) demonstrating that the techniques available at VPI & SU
are useful to characterize adhérend and fracture surfaces of
particular interest to NASA. The results of the first two years

of surface studies have been published (3) and appended to this
report. Recently LaRC personnel have published some of their work
on this program (4-6).

During the current grant period, our earlier studies at
VPI & SU were continued, using SEM, EDAX, and ESCA to elucidate
fhe physical and chemical nature of (1) Ti and Al adherend surfaces
after various surface treatments, and (2) the effects on fracture
surfaces of high temperature aging,and‘variations in amide,
anhydride and solvent during polymer synthesis. New studies were
carried out to characterize the effects of (1) high-temperature
during shear strength testing, (2) fiber-reinforced composites as
adherends, (3) acid/base nature of adherends, (4) aluminum powder
adhesive filler, and (5) bonding pressure. The new EDAX capability
on the SEM stood out as an exceptionally powerful.tool for the
study of NASA-LaRC problems.

IExpertise increased at both locations during the latter half
of the grant periocd, with the addition of two Research Associates
with considerable experience. Therefore, this report will attempt
to bring together the related details of the first three years of
work, and indicate the most pfomising directions for future research.
Comprehensive and unifying theories of adhesion have appeared
recently and it is within the framework of these theoretical ideas
that all of the results to date cohere, and the next experimental

steps are clarified.



The Physical Basis of Adhesion

Kaelble (7) identifies each of the factors involved in
adhesive bond performance, and thoroughly reviews the experi-
mental and theoretical details of each factor separately. However,
the overall picture is so complex that he leaves the reader with,
"The challenge is to apply and intelligently comﬁine fhese separate
theories in order to describe adequately the true physical chemistry
of adhesion..." More recently, Good (8) (collaborating with M. L.
lWilliams, et al.) and Andrews and Kinloch (9) (following the lead
of A. N. Gent) have proposed different forms of unified adhesion
theories. Also very useful in understanding the main factors
that determine the strength of adhesive joints, and especially the
micro-mechnics of brittle adhesive failure, is a brilliant, but
obscure review due to Orowan (10). The following overview of
adhesion theory borrows liherally from-these four priméry references.

The various factors influenc;ng adhesive Joint strength are
most logically organized by first analyzing the phenomenon into
three component parts: (1) the materials from which the joint is
constructed (2) the procesé of forming the Jjoeint (and aging), and
(3) the fracture of the joint. Now the most efficient approach
to arrive aé a quantitative theory is to ignore the first two
parts above at first, and study part (3), considering the formed
Jjoint as one piece of material. The analysis proceeds according
to the classical Griffith-Irwin crack fheory of fracture mechanics.

The results show that the important parameters are: (1) the



elastic modulus, (2) the energy dissipation per unit crack extension,

. and (3) the thickness of the zone in which the fracture occurs.

As the. name of the theory anticipates, a basic assumption is
necessary about the distribution of the size of initial cracks
and their location in the matrix. Since there is 1little data
available from which to construct % model for the initial dis-
tribution of crack-initiation sites, theoretical analyses assume
the initiation sites to be constant length and randomly distributed
in the matrix (8). More accuraté and guantitative accounting of
the initial distribution of cracks brings part (2) above into the
theory, i.e., in NASA-LaRC adhesive joints, it is the process of
forming the joint that determines the initial crack distribution
(1-3).

Let us analyze a model of a NASA-LaRC adhesive Jjoint, treating

only one interface (Figure 1).

ADHEREND

| ADHESIVE
Ti,Al or ! POLYIMIDE
COMPOSITE v
STEESS o STRESS
/{>[CRACKS °
E; &6, O 1 Es &Go
Ji : |
-8 0 +3 z—

FIGURE 1. Simple model of one interface of a NASA-LaRC adhesive
joint under tension.

The Griffith-Irwin theory shows that for a solid of elastic

modulus E, containing a crack of length ¢, the stress Op at

which fracture will occur is given by



o, = K4/EG/1 (1)

where K % 1 is a constant, and

G=2y, + ¥ (2)

is the total work dissipated per unit crack extension (fracture
toughness). Some work is stored in new surface eneréy, Vg Note
. that Yg is not related to the surface energy of the adherend
unless the fracture proceeds exactly at the interface. In fact,
interfacial failure is rare, and usually ¢ >> Ygo Y includes
all other dissipative processes, primarily the energy lost in
the elastic and plastic deformation of the two phases. The
dissipative work G must be done in a layer of thickness 26, which
increases with increasing G. § has been estimated to be on the
order of 10 °cm.

Based on the earlier results (1-3) it is reasonablé to
assume that the fracture zone in NASA-LaRC systems is within
an order of magnitude of this distance from the adherend inter-
face.

Return;ng to the model in Figure 1, let the values of G be
G1 in the adhefend and G2 in the adhesive, and similarly designate
the elastic moduli El and E2. Now we shall proceed gqualitatively
by replotting Figure 1 to reflect reasonable assumptions about
the trends in E(z) and G(z). Then we shall apply the Griffith-
Irwin equation by holding £ constant and inspecting our new plot
for minima in the product E x G (see equation 1). Thus the loca-
tion of the "ecritiecal crack' that will initiate failure at the

lowest value of stress cf will be determined.



Clearly G and E will be greater in the metal adherend than
in the polymeric adhesive; the simplest case is shown by the
solid lines in Figure 2, which represent strong bonds across ’
the interface and continuocus variation of properties from one

phase to the other. From inspection of Figure 2, the minimum in

6(2) | 1
Gy | POLYIMIDE '
|
3 E(z)
TITANIUM
Es

-850 +§& Z—>

FIGURE 2. Model joint showing qualitative estimates of the elast-
ic modulus (E) and fracture toughness (G). Solid lines-
uniform variation of properties and strong interfacial
forces. Dashed lines-weak interface (G) and weak poly-
mer surface (E).

the product E x G occurs in the adhesive, and thus for equal-

sized initial cracks, fracture will occur at some distance from
the interface. The dotted ;ines in this figure represent the
case of weak interfacial bonds (G) or a decrease in polymer mod-
ulus (E2) near the interface. In this..situatiocn Op = f(E x G)
will be minimal very close to, or actually at the interface,
depending upon the exact gradients of E(z) and G(z). If the
adherend is a polymer/fiber composite, then the modulus and frac-
ture toughness may be equal to, or even less than the adhesive,
and the theory would predict failure in the composite.

It is useful to summarize the theoretical picture at this
point. First we analyzed an adhesively-bonded joint from the

point of view of the strength of materials (fracture mechanics)



and discovered four important factors, (1) the elastic moduli,

(2) the fracture toughness, (3) the thickness of the region of
failure, and (4) the size and location of cracks "built into"

the joint. Then we neglected (4) and qualitatively determined

the effects of (1) and (2). Basically the result is that failure
will occur in the phase where the product of the elastic modulus
and fracture toughness is minimal. Interfacial failure will occur
only if the forces across the'inter%ace are very weak, and 1f this
is the case, the overall strength of the joint will be very low,
too.

Simple consideration (10) will emphasize the fact that the
étrength of useful joints derives primarily from the physical
response of the adhesive (or adherend), eithgr through viscoelast-
ic defsrmation or by a self-arresting crack.mechanism as in the
case of brittle adhesives. Consider that in the peeling experi-
ment shown in Figure 3, the work of peeling is dissipated only by

the new surface created. The force required to peel the joint is

tF

X i

FIGURE 3. Schematic diagram illustrating the peeling of a
flexible adhesive tape from an adherend.

simply equai'to the total surface energy created in reversible,
isothermal peeling, ZYS. Now the highest accurately measured value

of Yq is that of mica, found to be 4500 erg/cm2 in high vacuum,



cérresponding to strong ionic bonding (11). With this wvalue,

9000 dyne/cm

F = ZYS

2 1 cunce per inch width.

For van der Waals bonding usually though to be operative in
pblymeric adhesives, the peeling force would be some fﬁo orders
of magnitude iess. '

The point is that simple atomic or molecular bonds cannot
give useful adhesion because the range of action is much too
short. A comparison of the tensile stress versus separation dis-
tance during the peeling of mica and adhesive tape is semi-

quantitatively sketched in Figure 4. In the case of mica, the

TAPE MICA
MICA
1l
(]
(4
e
l L
bar TAPE
10% S~
bar . MICA
o 1R
| TAPE
1054

DISTANCE

FIGURE 4. Semi-quantitative sketch of the tensile force vs
separation distance during the peeling of mica and
adhesive tape. Note the different scales of the axes.

o]
critical separation beyond which the force drops rapidly is <bBA;

‘the maximum stress is about 4 x 106 psi, and the area under the



curve 1is approximately 5,000 erg/cmz. On the other hand, the max-
imum tensile stress‘developed by the adhesive tape is probably
several thousand times 1owef than mica, say 2,000 psi. The range
of‘separation over which this stress develops, however, is of the
order of 10_3cm, and the area under the curve is 105 erg/cmz. Thus
the work of separation of the mica is less by itwo or éhree orders
of magnitude:' a thin lamella can be blown from a sheet of mica
by mouth.

To explicitly and guantitatively account for the separate
contributions of interfacial properties and bulk rheology, we use
the model of Andrews and Kinloch (9). They show that the adhesive

failure energy,

Q= OD°f(R) (3)

where 00 depends only on the physical and chemical nature of

the fracture surface, and f is a function of R, the "reduced"
rate of failure propagation obtained from rate and_Eghperature
data using the WLF equation. GO is the work of bond fracture and

can be expressed generally by

@O = i Wa + rT, + s FO ; (4)

where i, r, and s are respectively the area fractions of inter-
facial, adhesive and adherend failure, and Wa’ To and Fo are the
respective intrinsic failure energies. -For pure interfacial
failure 90 = Wa’ the thermodynamic work of adhesion.

Experimental data required by this theory are (1) quanti-

tative surface analysis to determine the fractions of interfacial




and bulk failure, i.e. i, r, and s in equation 4, (2) the intrinsic

failure energies, W T

g O,"and Fo’ and (3) the overall joint failure

energy O measured as a function of temperature and rate of crack

propagation. Our previous reports (1-3) have shown that techniques
available at VPI & SU, particularly SEM, ESCA and contact angle

measurements provide qualitative surface analysis; with some fur-

ther effort, sufficiently quantitative data to use in part (1)
above should be obtainable. The work of adhesion, Wa can be
approximated by Wa = ZYC, where Ye is the "Yeritical surface
tension" of the solid, measured by the contact angle method of
Zisman (12), The bulk intrinsic failure energies of thé adherend
and adhesive are the minimum tearing energies, below which no
failure can occur regardless of rate or temperature; fatigue
stﬁdies provide the necessary data. To test-whether the overall
failure energy is viscoelastically determined, the standard WLF
procedure of polymer rheology is employed: the failure energy

is multiplied by the factor Tg/T, where Tg is the glass transi-
tion temperature, and the rate of crack propagation, é, is multi-

plied by a the WLF shift factor that accounts for the change

TJ
in free volume with temperature. The viscoelastic basis of the
failure energy is proved by the superposition of data at dif-
ferent rates and temperatures on one master curve when log

(0 Tg/T) is plotted against log (¢ am) .

Andrews and Kinloch prepared joints with different surface-

energy substrates bonded to a single SBER rubber, cfosslinked in

situ with one initial crack located at the interface at the edge

- 10 -



of the test specimen. They found unique WLF curves for each SBR-
substrate pair, independent of the size of the initial crack and
also the geometry of the test piece (tensile, peel or shear).
The curves for different substrates were parallel, confirming
the validity of egquation 3, and evaluation.of the energy available
rer area for the actual process of bond cleavage at the inter-
face after rheological losses have been taken into account (OO)
gave values close to the thermodynamic work of adhesion, if fail-
ure was 100% interfacial. Where failure was partly cohesive,-
" about 80% of the value of GO was accounted for-by the intrinsic .
failure energy of the adhesive (r T, in Equation (4)), even though
0 <r < 0.2, .

The purpose of this sectioq on adhesion theory is twofold:
(1) Provide a general framework in which all the experimental
results to data can be discussed and interpreted, and (2) Identify
the most important factors to study in order to guide research
toward improvéd high-performance adhesive systems. All the recent
theoretical work on adhesive bonding points to the utility of
detailed analysis of the fracture surfaces as the first step in
elucidating any adhesion phenomena, Thus having determined
whether the failure is interfacial or in the adhesive or adherend,
and also whether the joint was made without flaws, then one can
confidently decide whether to seek improved adhesive—strength'
performance via improvements at the interface;, in polymer (or
other materials of construction) properties, or in the technigue

of making the joint.

- 11 -



IT. EXPERIMENTAL

A, Apbaratus and Procedures

1. Scanning Electron Microscopy (SEM)

Photomicrographs were obtained (survey at 20X or 50X, high
magnification at 200X or 500X, and highest magnification at
1000X to 5000X) using the Advanced Metals Research Cérporation
Model 900 scanning electron microscope operating at 20 kV. The
specimens were cut to approximately 1 x 1 cm with a high pressure
cutting bar and fastened to SEM mounting pegs with adhesive-
coated, cqnductive coﬁper tape. To enhance conductivity of in-
sulating samples, a thin (WZOOK) film of Au/Pd alloy was vacuum
evaporated onto the samples. Most photomicrographs were taken

with the sample inclined at-ZOO from incident electron beam.

2. Energy-Dispersive X-Ray Fluorescence (EDAX)

Recent improvements in energy-dispersive x-ray analyzers
allows rapid elemental analysis to be carried out in the scanning
electron microscope (13). The EDAX International Model 707A
unit is attached to the AMR-900 SEM, and was first used during

the current grant period.

3. Electron Spectroscopy for Chemical Analysis (ESCA)

ESCA data were collected with an AEI ES-100 x-ray photo-
electron spectrometer using Al Ko radiatiqn (1486l6 eV). Data
were punched onto paper tape by the AEI DS-100 Data System and
plotted with a Digital PDP-8/e computer. Samples were cut to

approximately 5 x 20 mm and secured to the gold-plated ESCA

- 12 -



probe with double-sided tape. Care was taken to cut samples

with features characteristic of the sample as a whole.

4. BSpecular Reflectance Infrared Spectroscopy (SRIRS)

A Unicam reflectance attachment was used with a Beckman
IR-20A infrared spectrophotometfter in the specular reflection
studies. The study of the acid/base character of adherend sur-
faces was done by equilibrating adherend samples with dilute
solutions of lauric acid.and undecyl amine in cyclohexane., Then
the adherends were analyzed by SRIRS, before and after rinses

with cyclohexane.

B. Materials

The Polymer Group at NASA-LaRC supplied the adherend and
fracture-surface samples. They synthesized and formulated unigue,
new polymer adhesives (4-6), prepared the honded joints and con-
ducted the lap shear strength measurements according to ASTM
D1002-64. Sample designations and descriptions, test conditions
and strength results are listed in Table I, along with the tech-

niques used for their study at VPI & ST,

- 13 -
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NASA-LaRC #

546D3

'546D4

548D3
548D4
547D3
547D4
554D3
554D4
555D3
555D4
745D1

745D2

. 745D3

745D4
720D2
721D4

731D2

DPOLYMER

LARC-ITII

BTDA+mm' DABP

TABLE I

Taging @ T p

SOLVENT LSS 800 hrs. test bond

DG 3773 none R.T. 40

L 1210 " 250°¢

" 3550 & R.T. 40

" 1600 " ' 250 t

H 3000 " R.T. 40

" 1875 H 250 .

H 3715 n R.T. 100

" 2335 " 250 "

H 3985 " R.T. 200

z 2335 " 250 "

" 2960 w R.T. 50psi

" 2600 " " t

& 2560 " " g

" 2200 4 " "

& 670  295°C 270 M

b 850 " " "

" 850 z H t

COMMENTS

50% Al
'll‘

63% Al

ft

70% Al

1

70% Al

notched

1

opp. faces

LS8=2580+15%

1SS=760+12%

SEM ESCA

EDAX

EDAX

EDAX
EDAX

X(pull directn)

X
X(opp.faces)

X
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NASA-LaRC

720D1
721D2
731D3
720D3
721D1
731D4
720D4
721D3
731D1
848D1
848D2
848D3
848D4
878D1

878D2

'878D3

378D4
880D1
880D2

880D3

POLYMER

BTDA+mm' DABP

1
H

BTDA+mm' DABP

1

BTDA+mm' DABP

1

1t

BTDA+mm' DABP

BTDA+pp ' DABP

Tt

1"

SOLVENT

TABLE I (cont'd)

Taging
L3S 800 hrs.

Ttest

Pbond

1200
1720
1730
1400
2060
2730

2825

3000
4315
3680
3700
4000
4040
2000
2850

4500

. 3840

1500
1400

1500

295

250

50psi

COMMENTS

T55=1465+18%

55=2065+32%

S§=3570+15%

T55=3860+5%

LSS=3250+38%

SEM

EDAX

EDAX

EDAX

X(opp.

EDAX

ESCA

faces)



NASA-LaRC #

880D4

881D1

881D3
881D4

891D1

891D2
891D3
891D4

946D1

947D1

948D1

948D3

POLYMER
BTDA+pp ' DABP

BTDA :PMDA+mm' DABP

BTDA+EAH-13

BTDA :PMDA-+mm' DABP

SOLVENT

TABLE I (cont'd)

.88

T .
aging

@
800 hrs.

Ttest

DG

1t

3220
4480

4920
5140
3500

2350
2000
2550
3360

3690

3750

3880

None

R.T.

COMMENTS
155=2310+40%
2 moles BTDA

1 mole PMDA
3 moles mm'-DABP

LSS=3890+32%
imidized flow

bonding of a
film

LSS=2750+27%

¢/C ... HT-S/P13N
molded at 400 psi

c/Cc ... HT-S/P13N
molded at 1000 psi

C/Ti... HT-S/P13N
molded at 400 psi

c/Ti... HT-S/P13N
molded at 1000 psi

SEM ESCA
X X
EDAX
EDAX
X

X(opp. faces)
Z(opp. faces)

EDAX(opp. faces



IIT. RESULTS AND DISCUSSION

A. FRACTURE SURFACES

The major proportion of work .done during the current grant
pericd concerned the study of fracture surfaces. TFour new sets
of samples were supplied by NASA LaRC from their 500-, 700-,
800- and 900-Series. The sample designations and desériptions
are listed in Table I along with a notation on which techniques
were employed for their,study. Using the broad distribution of
samples tabulated plus reference to the previous work (1-3),
several conclusions can be drawn about the micro-mechanics of
joint failure and the effects of variations in adherends, sur-

face treatments, adhesive formulation and strength-testing para-

meters.

1. Aging and Testing at Elevated Temperatures

Samples 731D1, 721D1, 721D2 and 721D4 represent a sgries
prepared with a standard BTDA+mm'~DABP/DG adhesive and exposed
to 295°C for 30 days in air, and then shear tested at 250, 2250,
250° and 27000, respectively. The strength of the room tempera-
ture tesf (about 3600 psi) shows that very little thermal- or
oxidative-degradation occurred during the severe exposure (N.B.
joints were not stressed during aging). Strength drops rapidly at
the higher testing temperatﬁres.

SEM examination of this series of samples (Figures 5-9)

indicates that two processes occur as the testing temperature

increases: (1) the percentage of interfacial failure increases
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dramatically, and (2) the amount of plastic deformation and brittle-
fracture surface decreases. Apparently the increased temperature
weakens the forces across the polymer-metal interface, and the
polymer experiences less stress. Recall that theory predicted that
joint strength would decrease as the fraction of interfacial fail-
ure increased.

The same general features characterize the fracture surface
of the sample tested at room temperature (Figure 5) as.have been
seen in previous (unaged) high strength samples (1-3). At lower
magnifibation there is a fairly uniform distribution of raised
material that forms a filigree pattern (A) superimposed upon
lower,_smooth, oblong areas (B) that have dimensions ranging from
0.02 to 0.5-mm, approximately. The low areas are the bottoms of
voids that were probably created during the formation of the
joint and expanded-during fracture. The filigree is‘composed of
the void-cell walls that have undergone plastic deformation and
finally fractured, primarily by a brittle cleavage-crack propa-
gation mechanism. Some of these cracks are smooth and quite paral-
lel to the substrate such as in area C on the higher magnification
photomicrograph, but also fine louvers, tilted at an angle to
the adherend, appear along the curved line that comes down the
center (D). No doubt thé fracture process is practically adiabatic,
cfeating locallized "hot spots'" that could promote ductility indi-
cated at E. DNote that only a very small amount of interfacial

failure appears and many very thin walls result from plastic deform-

ation.
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FIGURE 5.

Two magnifications of sample #731D1 that gave 3570 psi shear strength

at room temperature after aging 30 days at 295°cC.
previous (1-3) high-strength samples.

Features similar

o




Generally similar features are seen in the first high temper-

ature sample (Figure 6), but the proportion of interfacial fail-
ure (A) and void area (B) has increased. Areas of adhesive that
have detached from the opposite adherend show that original inter-
facial contact was good, because the polymer faithfully replicates
the detailed surface features of the titanium in area C. Compar-
ing Figures 5 and 6, it is tempting to say that the voids have
coalesced in the latter, sometimes reaching dimensions over 1 mm.
Correspondingly, void-cell walls are thicker; area D (higher magni-
fication) provides a striking example of a plastically drawn void-
cell wall circumscribed by brittle cleavage cracks.

Figure 7 shows that the fraction of interfacial failure and
void area continues to advance with temperature. Large void spaces
are almost completely interconnected across the sample. At higher
magnification, some strength across the interface is indicated at
the place where the louvers between brittle cleavage cracks meet
the exposed substrate.

Interfacial failure predominates at the highest test temper-
ature. The opposite sides of mating fracture surfaces are shown
in Figure 8; it is quite simple and instructive to locate the
matching features. There is very little plastic deformation, hence
little strength.

Brittle cleavage cracks without much louvering account for
the failure that is not interfacial. The circled area of Side 1
is shown at higher magnification in Figure 9, illustrating a few
brittle cleavage crack louvers and also low forces across the

polymer/metal interface.

e
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FIGURE 6. Two magnifications of sample #721D1 that gave 2065 psi shear strength
at 225°C after aging for 30 days at 2959C. More interfacial failure
and void area, and plastic deformations have thicker walls.




e

FIGURE 7.

Two magnifications of sample #721D2 that gave 1465 psi shear strength
at 250°C after aging for 30 days at 295°C. Even more interfacial failure
and void area.




olide 1

€¢ -

Side 2

FIGURE 8. Two magnifications of the opposite mating fracture surfaces of sample
#721D4 that gave 760 psi shear strength at 2700C after aging for 30
days at 295°9C. Extensive interfacial failure, and small amount of plas-
tic deformation and cleavage cracks.




FIGIRE 9.
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.01 mm

High magnification view of area circled on Side 1,
ing apparent at junction of polyimide and titanium.
of brittle cleavage cracks at left.

Figure 8. No bond-
Good illustration




It appears that the polymer/metal interfacial forces are weakened

by the high test temperatures, probably due to differential thermal
expansion. Filling the adhesive with metal powder has been suggested
to alleviate this kind of problem, and a later section reports

some success with this approach.

2. Anhydride, Amine and Solvent

Several adhesive formulation parameters were varied in the
800-series. Good shear strengths were obtained in spite of
changes in comonomers and solvent, except for the use of p,p'-DABP,
which gave 1400 psi. Figures 10-14 display the micro-mechanics
of fracture for these samples. The shear strength results can be
explained in terms of proportion of voids, interfacial and brittle
failure, and plastic deformation.

The use of dimethylformamide (DMF) as solvent for standard
polyimide gives little interfacial failure, but a large propor-
tion of connected void area compared to fracture area, shown in
Figure 10. Apparently the 3700 psi strength is developed by the
initiation and annihilation of a large number of brittle cleavage
cracks illustrated by all the louvers in the higher magnification
photomicrographs.

Figure 11 shows a large proportion of drawn and fractured
polymer in a high-strength sample prepared with anhydride comonomer,
ODPA. At higher magnification, a balance between moderate plastic
deformation and brittle fracture is apparent.

Mating sections from both sides of the 1400 psi joint are

shown in Figure 12. It is difficult to compare this sample with
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FIGURE 10.

0.1 mm
=

Sample #848D2: Standard BTDA/mm'-DABP polyimide in DMF solvent;
strength 3700 psi.

shear




FIGURE 11. Sample #878D3: OPDA/mm'-DABP/DG; shear strength 4500 psi.
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0.05 mm
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FIGURE 12. Sample #880D2: BTDA/pp'-DABP/DG; shear strength 1400 psi.




the others because the magnifications are different. However,

if the lower magnification photomicrograph is representative of

the entire fracture surface, then the proportion of interfacial
failure is large, again correlating with the low strength. There
appears to be quite a bit of plastically deformed polymer surround-
ing the area of interfacial failure, but no louvers occur, even
where the 'plug" of adhesive is fragmented by brittle cleavage
cracks.

A vexing problem in adhesive evaluation is the scatter of
strength-testing data. For example, NASA LaRC prepared an adhesive
formulation using one mole of PMDA and two moles of BTDA with three
moles of mm'-DABP in diglyme (DG), representing a compromise be-
tween strength and durability. The average value of four lap shear
strength samples was 3890 psi, but the range was from 2640 psi to
5140 psi. Photomicrographs of the two extreme samples in Figure
13 show more area of plastic deformation and brittle fracture
(filigree at low magnification) in the higher strength sample.

The balance of drawing and louvering that is clear at higher mag-
nification indicates a large absorption of energy.

The most facinating result was obtained using a totally
imidized, film adhesive. EAH-13 comonomer was used to provide enough
flow at high temperature so that good interfacial contact occurs
during pressing at 200 psi and 300°C for an hour. The photomicro-
graphs in Figure 14 show that the polymer has formed a detailed
replica of the titanium surface. Failure is totally interfacial
on one side of the joint. It is amazing that 3500 psi shear strength
can be obtained without contributions from plastic and brittle

mechanisms. Perhaps elastic deformation occurred. Otherwise, the

SEE O e




FIGURE 13.

iiiO mml
2BTDA+1 PMDA/mm'-DABP/DG, A.

B. Sample #881D4:
amount of filigree

=

|

Sample #881D1:

shear strength 5140 psi.
and bond strength.

”

|O.l mm
shear strength 2640 psi;
Note correlation between




Note that

shear strength 3500 psi.
completely different appearance when no

water of imidization released in the joint.

Sample #891D1:BTDA/EAA-13/DMAc;

virtually no void present;

14.

FIGURE




true area over which polymer/metal polar and dispersion forces
interact must be many times the geometrical joint area, due to
the adherend roughness.

Of prime importance is the absence of the typical void struc-
tures so characteristic of joints prepared by imidization auring
bonding. Figure 14 makes it clear that not only does the water
released during imidization create voids in the joint, but the
voids are the weakest aspect of many of these joints. The
scatter in joint strength values probably derives from the random
way in which the void size and distribution is generated as the
polymers cure. The need is clear to develop either new adhesive
formulations or bonding techniques to avoid joints with so many

inherent flaws.

3. PI/HT-S Fiber Composite Adherends

New types of fracture surfaces occur when composites are
used as one or both adherends (Figures 15-18). Shear strengths
fall within 10% of 3500 psi and failure occurs by a catastrophic,
brittle mechanism, partly in the adhesive and partly in the surface
region of the composite.

Failure in the adhesive layer is initiated at inherent voids
that are much smaller than the voids seen in Figures 5-14 where
titanium adherends were used. Probably the composite matrix absorbs
some of the water of imidization. These features are illustrated
(Figure 15) in Sample 946D1 that had two composite adherends molded
at 400 psi. Only a small wedge of one adherend surface was plucked

out; failure was by a brittle mechamism in the myriad of small
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void-cell walls in the adhesive. There was little plastic deforma-
tion, but a great deal of fine debris, as though the joint had
exploded.

When a pressure of 1000 psi was used to mold the composite
adherends, more than 50% 6f the failure took place in the composite
surface - with a small increase in strength (Figure 16). More
detail of the fracture surface within the composite is shown in
Figure 17 at higher magnification. Polymer fracture seems to have
no plastic component, the brittle failure area is small and has
no louvering. The forces across the fiber-polymer interface
appear to be weak.

The result of using composite as one adherend and titanium
as the other are shown in Figure 18. Failure is almost entirely
in the composite, but it is interesting to note that the voids are
larger where failure is in the adhesive layer. Evidently the ti-
tanium retarded the diffusion of the water of imidization. A
titanium signal was obtained by EDAX examination of area A; there-
fore the adhesive layer at the bottom of the void must be less
than I ym thiek.

In all three examples in this section a considerable amount
of work must have been required to create all the surface area
of the fine debris. Also high surface temperatures must have been
created because the debris would not be removed by vigorous brush-
ing in the presence of ionizing radiation (to eliminate static elec-
tricity). The particles apparently were "welded'" to the fracture

surface right after failure.
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FIGURE 15. Two magnifications of opposite mating fracture surfaces from Sample
#946D1; both adherends were HT-S/P13N composites molded at 400 psi.
Shear strength was 3360 psi, and failure was mostly in the void-filled
adhesive layer.




FIGURE 16.

Two magnifications of Sample #947D1; adherends were HT-S/P13N com-
posites molded at 1000 psi. Shear strength was 3690 psi and failure
was about 2/3 in the composite.
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Polymer/

High magnification view of composite failure in Sample #947D1.
is obvious. There is no plastic deformation

failure
area is small.

BEGURE 1%,
fiber interfacial
surface

and brittle fracture




FIGURE 18.

Two magnifications of opposite mating fracture surfaces from Sample
#948D1; one adherend was titanium and the other wasHT-S /P13N com-
posite molded at 400 psi. Shear strength was 3750 psi and failure

was mostly in the composite.
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4., Aluminum Filler and Bonding Pressure

Progar and St.Clair found that the best balance of properties
was obtained with the copolymer of 65/35 BTDA/PMDA+m,m'-DABP (6).
Further improvement in high temperature strength was obtained by
using aluminum powder as an adhesive filler and increasing bond
pressure. These variables produce several changes in the appear-
ance of fracture surfaces, as shown in Figures 19-24.

The aluminum filler is apparent as lumps about 1-10 um in
diameter, covered with at least a thin layer of polyimide. Frac-
ture-surface features are much smaller than with unfilled adhesive.
At high magnification it appears that the fracture initiates in a
myriad of minute voids (or nucleation sites) existing in the walls
of the larger void areas.

Figure 19 shows the increase in "lumpy' appearance caused
by changing the filler content from 50% to 70% by weight. Also
voids in the size range 10-50 pym seem to disappear.

Figure 20 shows a survey (20X) and fine detail (2000X) of
the sample with 50% Al, bonded at 40 psi. At low magnification
the balance of void and filigree areas is similar to many of the
previous samples. The room temperature sample (#546D3) has good
strength, and at high magnification the fracture surface is com-
posed of very thin, plastically deformed microvoid-cell walls.
This feature is unique to the filled adhesive. By contrast, the
high temperature sample (#546D4, 1210 psi) appears melted and has
no thin, drawn films. It looks as though the high temperature and
stress softened the polymer and reduced its strength. No inter-

facial failure occurred, in contrast to the results at 250°C with
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FIGURE 19,

50% Al
#546D4

High magnification view of Sample #546D4
effect of increasing filler content.

and #547D3,

70% Al
#547D3

showing the




FIGURE 20.

3775 psi
@ 25°C

#546D3

1210 psi
@ 250°C

#546D4

| 1 mm !
Two magnifications of sample #546D3 and #546D4, both with 50% Al, tested
at 25° and 2500C, respectively. Shear strength dropped from 3775 psi

to 1210 psi. "Melting'" caused by high temperature and stress is visi-
ble in the lower right.
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unfilled adhesive (see Figure 7). Perhaps the aluminum filler

prevents interfacial failure at high temperature by adjusting
relative thermal expansion.

One effect of higher (70%) filler content is to increase
the amount of fracture-surface area by expanding the filigree pat-
tern into a more continuous area shown at low magnification in
Figure 21. The detailed view of the high temperature sample shows
thin, plastic deformation indicative of high strength, and little
indication of melting. Apparently the increased filler content
retards the softening of the polymer, too.

Sample #547D3 was prepared at 40 psi with 70% filler and had
only 3000 psi shear strength. Figure 22 indicates that the pro-
bable cause of the relatively low strength was an unusually large
void area.

The new capability to obtain elemental analyses via the EDAX
module was used extensively during the current grant period to help
analyze the locus of failure. In several earlier examples, EDAX
was always used to confirm cases that looked like interfacial fail-
ure. In the study of Al filler, EDAX was also provided information
on the thickness of adhesive film remaining on the substrate after
fracture. (The 25 kV electron beam should penetrate about 1 um of
organic polymer, a value comparable to the thickness predicted
theoretically for §, the thickness of the fracture zone.)

EDAX results from two magnifications of the room temperature
samples are shown in Figure 23. (Al actually gave the largest
peak in the original spectra, omitted here for elarity )" I line X

(50% Al), all the adherend signal was found to be coming from small
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3715 psi
@ 25°C

#554D3

o =

FIGURE 21. Two magnifications of Sample #554D3 and #554D4, both with 70% Al,
tested at 25° and 250°C, respectively. Shear strength dropped from
3715 psi to 2335 psi. Higher filler content increases the fracture-
surface area and prevents the 'melting" at high temperature. Fibers
are artifacts.
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FIGURE 22.

Sample #547D3, showing a relatively high ratio of void to
fracture-surface area probably responsible for the relatively

low 3000 psi shear strength.




holes, seen in Figure 24 (Sample #546D3). No Ti signal could be
obtained at the bottom of voids. The opposite was true at 70% Al,
line B. More Ti appears on the survey scan and it dominates the
spectrum from void bottoms. Sample #554D3 in Figure 24 shows the
area from which the last EDAX spectrum was taken. Clearly there is
a layer of polymer there, but it seems to be so thin that titanium
surface features show through. EDAX examination of both high temper-
ature samples (#546D4 and #554D4) failed to uncover a Ti signal at
any magnification. Thus it can be concluded that the room temper-
ature fracture occasionally penetrates nearer to the adherend than
the high temperature fracture, which never comes closer than lum.
The combination of SEM and EDAX provides most of the essential
information on the locus and micromechanics of fracture. It is
true that the SEM electron beam can penetrate several hundred Angs-
trom units of adhesive and give an EDAX signal from underlying ad-
herend. However the combination between the EDAX spectra and the SEM
photomicrographs usually leaves little doubt about the details of
fracture, as illustrated in Figures 23 and 24. Moreover, by varia-
tion of the beam voltage and use of calibration samples of known
thickness, it may be possible to make quantitative measurements of
residual adhesive film thickness. A most important advantage of
SEM/EDAX is the ability to focus the electron beam and analyze only

very small, selected areas.

5. ESCA

This technique has the advantage of being sensitive to only a

few Angstrom units of material at the surface, and therefore comple-
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A. EDAX at two magnifications on sample #546D3. Some adherend
shows through on the 50X "survey'" on the left, and even more
when the beam was focussed into the hole shown in Figure 24.
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Ti
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B. EDAX at two magnifications on sample #554D3. More adherend
shows through at 50X, and dominates the spectrum when the
beam was focussed into the bottom of the void shown in
Figure 24.

FIGURE 23
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#554D3
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Two magnifications of sample #546D3 and #554D3,

FIGURE &4.

showing the areas

from which the EDAX spectra of Figure 23 were collected.




ments the EDAX analysis. There are, however, two complications.
Contaminatiog from the laboratory atmosphere, sample handling,
residual pump o0il, ete. always gives an ESCA signal unless extra-
ordinary precautions are taken, and these peaks are likely to arise
at the same binding energies as the C, 0 and N of the adhesive.
Secondly, the spectra are the average result obtained from the
entire sample area of 0.1 x 0.5 cm, so if a small amount of interxr-
‘facial failure is not coverediwith contamination it still may not
give a significant enough signal.

Table II lists the binding energies of the fracture surfaces
that were studied by ESCA. Charge correction was done by standard- .
izing the carbon 1ls electron at 284.0 eV and adjusting the other
binding energies accordingly. The selection of samples includes
the whole range of bond strengths, adhesive variables, and fracture
micromechanics. Apparently none of these changes has any effect
upon the basic chemical bonding of the polymer atoms, because the
binding energy values are remarkably consistent. Judging from the
SEM results, interfacial failure occurred in Samples #720D2, 731D1,
731D2 and 891D4, but the titanium substrate gives an ESCA signal in
only one casé. The problems mentioned above may be the reason for
this, Special microscopic examination and selection of samples
for ESCA study, in combination with in situ ion etching to remove

contamination, may help to clarify some of these anomalies.
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TABLE II

ESCA Binding Energies (ev) of Fracture Surfaces

# Ti "N 0 . c
720D2 ' X 399, 530.9
720D4 X 399. 531.1 (284)
720D4 X 399.1 531.1 (284)
731D1 X 399.5 531.2 (284)
. 731D2 458.2 399.1 531. (284)
878D3 X 399.6 531.2 (284)
880D3 X 399.5 531. (284)
881D3 X 399.6  531.1 (284)
891D4 X 399.5 531.2 (284)
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Sample
Identification

TABLE III

Fracture Surface Summary

Solvent Effect
(BTDA+mm' ~DABP )

1. DG #219D2

2. DG #517D1

3. DMAC #220D3

4, DMF #848D2

Anhydride Effect

(m,m"-DABP/DG)

5.. BTDA

Surface Analysis

Lap Shear i
Strength(psi) SEM Location#* : Comments
5280 1—25,27¥28,30; ~“50/50 filigree and
3-6,9 void, almost no inter-
facial failure; thin
plastic deformation,
brittle fracture with
louvers
3860 2-2,3;3-10,11 Similar to line 1. at
. 100X and 500X.
2510 1-26,29;3-7,8 Large void area and inter-
' facial failure, no filigree;
little deformation or brit-
tle fracture surface.
3860 10 v20/70/10 filigree/void/

interfacial; little deform-
ation but high area of
brittle fracture with
louvers

see line 1.

* Reference No,-Figure No., except no Reference No. when the figure is in this report.



Sample
Identification

6. PMDA #515D1

7. BTDA+PMDA #881D1 &
#881D4

8. ODPA #878D3

Amine Effect '

(BTDA/DG)
9. m,m'-DABP

10. m,p'~DABP #516D4

11. p,p'-DABP #880D2

* Reference No.-Figure No.,

TABLE ITI (contd.)

Surface Analysis

Lap Shear
Strength(psi) SEM Location#* Comments
0o 2-7,8:3-15,16 60/40 interfacial and

void; small brittle
fracture area

2640 13 Little interfacial fail-

5140 ure, strength proportional

‘ to filigree/void ratio;

deformation & fracture
like line 1.

3250 11 High % filigree; short,

thin deformation and
brittle louvers

see line 1

2070 2-4,5,6;3~12, 50/50 void and inter-
13,14 facial; some hackled
brittie fracture

2310 12 Equal void, interfacial
and filigree, thin deform-
ation and some flat brit-
tle fracture

except no Reference No. when the figure is in this report.



Sample
Identification

Temperature Effects

(BDTA+m,m' ~-DABP)

Aging °C Testing °C
12.
13.
14.

15.
16.

17.

18,

*¥ Reference No.-Figure No.

232
2590

300

295

295

295

295

25
25

25

25

250

250

270

#539D2
#539D3

#539D4

#731D1

#721D1

#721D2

#721D4

TABLE III (contd.)

Surface Analysis

Lap Shear
Strength(psi) SEM Location® Comments
3700 2-9,10,11 Similar to line 1
3220 2-12 Similar to line 1
720 2-13,14,15 Large interfacial and
void ares; thick-wall
deformation, brittle
fracture with louvers
4320 5 Similar to line 1
2060 G More interfacial and
‘ void area; thicker
wall deformation, brit-
tle fracture with lou-
vers
1460 7 Similar to line 17,
except more void and
interfacial area
850 8,9 v60/30/10 interfacial/

void/filigree; small
plastic deformation and
brittle fracture surface
area

, @xcept no Reference No. when the figure is in this report,.
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Sample

Identification

Adherend Effect

(BTDA :PMDA+m,m' -DABP /DG)

19.

20.

21,

22.

Ti/Ti

Ti/Comp. #948D1
(400psi)

Comp. /Comp. #946D1
(400 psi)

Ti/Comp. #947D1
(1000pgi)

Al Powder Effect

(BTDA : PMDA+m ,m' ~DABP /DG)

23,

Bond.

% Al psi Test °C

TABLE IIT (contd.)

Surface Analysis

50 40 25

Lap Shear
Strength(psi) SEM Location* Comments

See line 7

3750 18 Failure mostly in com-~
posite surface; Smaller
voids than in line 19;
Catastrophic brittle.
failure with much small
debris

3360 15 Failure mostly in the
tiny void cell walls in
the adhesive layer; de-
bris as in line 20.

3690 16 Similar to line 20,ex~
cept failure 2/3 in com-
posite

3780 20,24 w60/40 void and filigree;

much finer features at

hi mag.-microvoids in walls;
thin plastic deformatiocn
area large; lumps of Al
seem covered with polymer,
EDAX:Ti

* Reference No.~Figure No., except no Reference No. when the figure is in this report.



TABLE III (contd.)
Surface Analysis

Sample Lap Shear
Identification Strength(psi) SEM Location* Comments
Bond. o
% Al psi Test C ,
24. 50 40 250 #b46D4 1210 19,20 Similar to line 23 at
. 20X, but melting rather
than drawing EDAX:No Ti
25. 70 40 25 #547D3 3000 19,22 Large void area
26. 70 100 25 #554D3 3720 21,24 Fracture area continuous
instead of filigree, low
void and no interfacial
area; detail similar to
line 23. EDAX:Ti
27. 70 100 250 #554D4 2340 21 Similar to line 26, except
EDAX:no Ti
Imidized Flow Bonding
28. DBTDA+EAH-13 #891D1 3500 14 100% interfacial; no voids,

deformation, or brittle
failure



6. Comparison With Previous Studies

The preceding five séctions have presented numerous examples
of the failure mechanisms discussed in the Introduction. The
effects of several variables, such as solvent and polymer struc-
ture were discussed, but a wider range of thesé variables is en-
compassed in References (1) and (2). All the results to date can
be interpreted in terms of the theory described in the‘Introduc—
tion; Table III summarizes the basic findings. The data are
-grouped by the effects of the parameters: gsolvent, anhy-
dride, amine, temperature, adherend, Al powder adhesive filler,
and imidized fléw bonding.

Voids in the Jjoints as made result from trapping of the water
of imidization. This appears to be the major limitation on the
strength of most joints studied. Variation in the strength of
samples with identical parameters seems to be related to varidble
void distributions. Voids not only limit the areaggg_polymer
drawing and fracture, but also serve as nucleation sites for
cracks. The effects of_temperature, adherend and Al powder were
described qualitatively in Sections 1., 3. and 4.; quantitative
analysis of the photomicrographs is necessary to determine the
relative amounts of the different failure mechanisms.

‘ Different effects of solvent, anhydride and amine have been
reported during each of the three yvears of study, as indicated in
Table III. The solvent probably changes the nature of poljmer—
chain entanglement: DG and DMF allow good contact with the gd-
herend, but DG results in plastic deformation while DMF results

in high-area, brittle fracture; DMAC appears to give poor adherend
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céntact and little deformation or brittle fracture surface. Changes
in the anhydride produce sSmall effects (probable sample preparation
errors in #515D1). Introducing para-structures in the amine de-=
creases plastic deformation. Interfacial failure and low-area

brittle failure increase.

B. SUBSTRATE SURFACES

Previous reports have described the characterization of ti-
tanium adherends as received and after various cleaning steps(1-3).
During the current grant period we have used SEM and ESCA to char-
acterize-Ti.and Al adherends after some different cleaning steps.
Also we conducted some preliminary experiments on the acid/base

naturs of adherends.

L. SEM and ESCA

Figure 25 shows a high mégﬁification view of the Ti 6-4 sur-
face alter the phosphate-fluoride and Turco cleaning processes.
The phosphate-fluoride etch gives a similar SEM photomicrograph
as reported for the Pasa-Jell process (3). However, the white
B-phase particles are nol as apparent in the panel cleaned by
the Turco process,

An aluminum panel was cleaned in a sequence of steps: Aikaline
rinse, wipe, acid rinse. High magnification photomicrographs alter-
each step are éhown in Figure 26. After the alkaline step, the
gsurface appears like a structureless gel containing.émall white
particles. Presumably these are various amorphous and crystalline
forms of hydrous aluminum oxide-hydroxide gel. The wiping step

removes the surface layer, leaving a solid surface covered with
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FIGURE 25.

Titanium panels after two
flueride. "B. Turco.

different cleaning processes:

A. phosphate-




-

Aluminum panels after fine sanding and sequential cleaning steps:

A.

FIGURE 26.

acid clean.

wipe. C.

B.

alkaline clean.




regular, sharply-defined pock-marks. The acid rinse appears to
etch the whole surface lightly, rounding the edges of the depres-
sions. |

Table IV lisis the ESCA binding energies observed for the
five samples just discussed, as well as for Ti 6-4 after each
step of the Pasa-Jell process. The binding energies of the Ti
6-4 surfaces after different cleaning processes were referenced
to the Ti 3p electron at 457.7 ev except for the phosphate-fluor-
ide etch where the N 1s electron at 399.2 ev was used. N is
observed on Ti 6-4 surféces with a very constant binding energy
(399.0 + 0.2). Cr(2p) was only observed after the fourth step '
of the Pasa-Jell process. F(ls) is observed on all Ti 6-4 sur-
faces again with a remarkably constant binding energy (687.4 +
0.4). The appearance of one or two F peaks of varying intensity
suggests bonding of F in two different surface states. P(2p) was
observed after the phosphate-fluoride etch and after steps 3 and 4
of the Pasa-Jell process, with an average binding energy of 132.6 +
0.1 ev. It is surprising that P would be present on the surface
after steps 3 and 4 of the Pasa-Jell proéess. The doublet at
142.4 and 137.6 ev after steps 1 and 2 of the Pasa-Jell process are
assigned to Pb (4f) electron. The presence of Pb is unexpected al-
though the peaks match those reported for PbO previously (3). Si
was noted in only one sample after step 2 of the Pasa-Jell process,
The doublet at 102.7 + 0.2 and 98.7 + 0.3 after the phosphate-
fluoride etch, steps 2, 3 and 4 of the Pasa-Jell process are
assigned to Hg(4f). The presence of Hg is not surprising here since
ESCA has the demonstrated capability to detect small quantities of

Hg picked up from the lab environment.
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Adherend

Ti: P-F etch
Ti: Turco

Ti: P-J

Step 1
Step 2
Step 3

Step 4

Al-I

_1I

- =IIT

Ti

458,

(457,

(457.
(457.
(457.

(457.

7

7)

7)

7)

7)

7)

TABLE IV

ESCA Binding Energies (ev) of Adherend Surfaces

N

(399.

399,

399,

398,

398.

399.

2)

(531;1)
(531.1)

(531.1)

142.4
137.7

142.4
137.6

X

X

576.6

B

687.
683.

687.
684,

687.
684.

687.
687.
683.

687.
684.

i

O <O

P 51 Al
132.5 102.5
98.6
X X
X
X
101.4
132.5
132.7
73.7
73.4
+71.0
73.9

98.4

103.
929.

102.8



A relatively thick (>2B5A) oxide layer is left on the alumingm
surface after alkaline cleaning. However, wiping the surface
results in a thin (<25A). oxide layer since Al in both the oxide
and elemental staté is observed in the ESCA spectra. The values
for the two bonding states of Al(2p) agree well with the values
reported by Barrie (14).

The presence of trace elements in the adherend surface may
be partially responsible for the deleterious aging affects of

adhesive joints via catalytic decomposition of the adhesive.

2. SRIBRS

A study 6f the acid/base character of adherend surfaces was
begun using SRIRS. Here, adherénd samples are equilibrated with
dilute solutions of lauric acid and undecyl amine in cyclohexane.
-The adherend samples are analyzed by SRIRS before and after equi-
libration with the solutions and after successive rinses with
cyclohenane. The results are summarized in Table V. The fact that
most of the adherend surfaces are acidic is reasonable since all
the adherend surfaces consists of oxide layers. Subsequent hydrol-

ysis of the oxide layer would lead to Bronsted acid surfaces sites.
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TABLE V

Acid/Base Character of Metal

Adherend Acidic Basic
Al X
Cu X
F¥e X
Ni X
Pb X
Ti 6-4 X
Sn . X
Zn X
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IV. CONCLUSIONS

1. The unified theory of adhesive bonding'indicates
that the factors involved in joint strength are (a) voids or
other inherent flaws initially present, (b) viscoelastic and
plastic response of the materials, (c¢) brittle crazing and
cracking and (d) interfacial failure.

2. The techniques available at VPI and SU, especially
SEM/EDAX and ESCA are very useful to evaluate the extent of
the different mechanisms by surface analysis of fractured joints.

3. The effects on the micro-mechanics of adhesive failure
were determined when changes were made in amine, anhydride,
solvent, adherend, Al powder adhesive filier, aging and testing
temperature. The effects were interpreted in terms of the pro-
portion of mechanisms 1.(a)-(d) operating.

4, Voids of trapped water of imidization appear to be the
major factor to limit joint strength and reproducability of
results.

5. Appreciable amounts of wvoid or interfacial failure
area correlates with low gstrength, except in the case of imidize:
flow bonding.

6. Addition of Al filler makes fracture features an order
of magnitude smaller, eliminates interfacial failure at high
temperature. At 70% loading it seems to decrease ductility.

7. Futuré studies should include:

a. Continued characterization of new NASA-LaRC fracture

surfaces (especially compositesd by the methods outlined above.
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b. Quantitative analysis of photomicrographs.-

¢. Bulk viscéelas%ic and fracture properties of the
polymefic adhesives.

d. Surface properties of cast polymer films.

e. Reduce the data for quantitative comparison- with the

theory:
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VI. APPENDIX

The Use of Scanning Electron Microdscopy, Electron Spectroscopy
for Chemical Analysis (ESCA) and Specular Reflectance Infrared
Spectroscopy in the Analysis of Fracture Surfaces in Several

Polyimide/Titanium 6-4 Systems.
Thurman A. Bush, Mary Ellen Counts and J. P. Wightman-

(Reference 3)
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THR USE OF.SCANNING ELECTRON. MICROSCOPY, ELICTROW SPECTIOSCORY FoX
CHEMICAL MNATZSIS (3SCA) AND SPECULAT RTFLECTANCE INFRARED SPEC~
TROSCOPY IN TUZ. ANALYSIS OF FRACTURE SURFACES IN SEVERAL _
POLYIMIDE/TTTANIUM 64 SYSTEXS. . o

" Thurmaa A. Bush, Mary Ellen.Counts zod.J.. P. Wightman_

-Virginia Polycechnic Insrifute and Stats Universibty ...

"Chemistry Departmenc, Blackégéig; ﬁirgiﬁié'2406;}; o

"Scanning electron microscopy, elactros specizoscopy for. -
chemical analysis (ESCA) and specular reflsctance infra—
rad spacrroscepy ware smployed to characterize titaniunm
allay (Ti-6A1-4V) surfzces befsra amd after bonding with
polyimide regins. Warer conctact angles on the titaniup
alloy surface were shown to corrslace with surface con—
temination. Diglyme aand DMAL contact angles correlatsd
wifn fracture scrength of the corpletzd adhesive joints
formed by cha condensatio

phenone tafracarboxyli

c
£

n volrzerizacion of beanzo—
acid disvhydrids (BTDY) and
(m,n® DAR7). COctane/wacar
interfacizl con ed ro show tha pre—
sence of polax sivefadherand inter—
face. Variations in adhasivz scrength ware noted fox
condensarcion polymars forped in digl
(i) BIDA and.m,n' DABP, (ii) 37D T
iii} m,m' DAAP and pyromaelliciz dizphydride (PMDA).

Scanning elactron microscopy was used fto obsarve the
titenir=m alloy surfaces afrer verious prabreabmants

znd tha surfzcas of fractured joincs. ESCA specira
wara obtained for the clean=d alloy.surface and for
fracrura surlacas The intensicy of the cvitanium peak
in the ESCA spactra was ralzred to the presence of - .
thin polyimide films. Spacular reflectance infrazed
spectroscopy was also usad in the apalysis of the
fracturs surfaces.
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-I. INTRODULTION

A numper of oxrganic. poily=er rasins which wera: glgcoverau -Am
19668's bhave shown pronise as ceadidatss for formula ._3.03 ‘&3

Cthe y
p t‘:zarmal?}f stapla adhesivas {1). Howaver, tha adaptarion oF such
‘novel poliywers as pratiicalivadhesives has *ba‘m haspered by a lack

of sufficient experiwental and theorakical criteria for avaluar— |
ing raw resins. and yraa:}_c‘.::-;:g t"s. 2:.':, sulb 4..3.1 ity for. a.dn ive per— |

""'b.a ‘pxacesses “for forofng aé:__s:vza bcmu: b eeny materizls. .
have baan- dayelapad e;rplr,f_::‘—"'? y. {Current taaa*" ‘ei adhssion
r&ma;im’::_cntroéai‘sial (243 . . The. &nve"ia shent of 2 gensral theory
of adoesion haes beap:deceryed in part dus. to. the. experirental
inaccessipiliry of fmtenfaet fal interacticng- betipsn. olids.and .
tha dif :Lc:uﬂty Tl eskaplisting t:@--natt.a.wmo,_ x....a ;t.na.,esﬂ:a.c&--(o) .,

- LIES '-..._ k) = - e

AT

"'bP ab Jar:t:.vc; cr£ this. work :."'as-..tmﬁ‘ ulzza.ulcr* oF 501:;_.« e .
recenily developed tachimiques. that may be of r2lve fn the drar-
ac_tarlzatlon of’ t‘ua‘adnab"'“ pro&ess. batyadsn a'tl t;a:a.."w.a allocy
and 2 wa rlaty oz‘poiy1m1da fESTn systEﬂ*.= The tacan1a"°s Bni-
‘1ized were ‘electron, spectiascopy for cnenical amalyeis. (ESCA),
s:r—'*c”"a"-" reflectance infrarsd spectroscopy,' and scanning elac—
ron microscapy. Contact anzles of varioces liguids on the -
teniu alloy were also-measuved. Spacifically,. the question
es 4d what .extent a-e any of thege rechpigres of valus in

ud e

]-‘v e [ r'
i
4

he characcerization cf the interface and in the-deternination of
nceractions for the ticenivn 6-4/polyimide resin systems. . Ewighc
and Rizzgs (5) successfully csad ESGA, soft T-ray spectroscopy,
contact angle- h}i’St‘:“"QSlS and elaccron microscopy to examine
fluoropolymer. surfac
TI. EZPERIMENTAL
- A, Sarples
Fanels of Ti-6~4 _1 oy adinerend werz obrzined from tha NASA~
Langlaey Research Center. Tia papels weres eirher used in tha as-
e a

=

rzceivad condition-or cleanad by tha Pasa-Jell 107 m
coemercial process (American Cyamemid ) foxr cleaning ti
alloy surfaces.  The primary steps iz this clesming process arsz, -
brisfly: sample-immersion in degrsasing 1,2—3ichloroechans;
immersion in an alkalins cleansr, SPREX AN 9 solucion; pickling .
in an EX03/HF solution; and treatment with Pasa~Jell 107 (a chro-
mate based acid pasce). _

‘- .Two.'sets of fracturad lzp—joint samples were obtained frem thi



ASA-Langley Research Centar.  The charazcreristics of &
in che two sets are given in Table I. The sk sat . of sa
wers lap—-joints of Pasa-Jall cleaned Ti-4~L panels
polyimide rasin-adhesive. ha regin a

Thz regin adhesive wzs preparad from
benzopbienone tatracarboxylic acid dianhydrida (3TDA) and w,n'—
dianmingbhenzophencone (m,n'DASE). The siyucturass of these com ev"fci”

A

ara given in Tabla IL. The wcured. adhnegsive was agpliaé cn tBa
adheread in.the polyamdic acid stage Sron ai
solution and then heat curad.to the pols'""m;'e
COﬂCEﬂbaELO1-POTYTEIIZEE“OH raact*on-dsa showe below,. - -

.
H
¥

ints of Pasa~Jell clzazed
Ti-6~4 panels bonded with various peolyimide resin adhesives. Tas
resin adnesives wers prepared from 3TDA or pyromellitic disnhydride
{(PMDL) and m,m'DAFR or m,p’rdiamnonmvoa:ancﬂa (n,p'DABP). T=e
structueres of (PMDA) and {m,p'DA32) are ziso given in Table TI.
The wmcured adhesive was app

The second set of sazmplas wars lap~jo
.?

ied on the zdnersnd inn the polyaz=ic
.“

1
acid stage from thes solwernt diglyze end then haszt-cured to the
volyimide regin form. Teasile lap shear sandwicn specimens weare
prepared by bonding 13 x 2.5 x 0.1 = Ti-6—-4 couwpons with 2 l-J c2
oat

overlap. Typlcally, the coztad coupons ware air dried for 30 =i

at room temparaturz and then for 30 =in ac 60°C. TFive succ=ssi?E-
coats wara applied. The pznals wara ovarlannad 2f room tempara—
tursa, placed under a constankt. prassure of 50 psi, and heatad to
300°C at a rata of 5°C min~l. The specimen was hald at 300°C for
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50 miz. - The lap-shear strscgih of each sample im both sats was.

1
determined at room tempersiure om 2 tensile tester (Cal-Taster
Model TH-5).

B, Scanning.Elacc:ou dicroscopy-

_”.Raarcsan?alea sam@Les Were cut from hoth sats of .the frac— .
tL_ed-Lap—joln specimens.- The. ‘samplas weras gold-coated and. .
ohotonicrogzraphs at various magnifications.were cbtained.on ap-3MR
scamping elnét?oﬁ microscope (ddvanced Metals Research.Coxrporasion:
Medel 900) ... Each sample suxface was scanned.totally.to insurs that
the DﬂoLowravns wera reure;aqfaclva.___“,“_ L : L -

- - v et .t '.‘-’“_,“ =
Gl [T e K S

Flva samul=s ware.cut. from a bare Ti-6-4- panel.mnOna sannla,“.
which garved as a control; recsived no.preireatment and was placed |
inco a vial..’.The Pasa-Jell.clsaning afochss wag .applied..to tha four
remaining samples. A sample zfter each step of the cleaning.process
was blown dry in a nitrogsn siream zid placed inko a vial. .Exposura
time of the frﬁshly clezned materisl to the 12b atmosphere was kept
to =z mioimny Thase :Wfﬂ samn;as ware exanl;ad 1n the scannlz” .
electron microscopa.’ o

: 1. Materiszls. ™ Distilled waktser was obtained from a2 Barﬂstaa&
nefzl still. Mzrcocury was cn*“"ned from the Glass Shop at thk
Virginia Polytechnic Insitirure and State University. Aﬁdrlca {993
bis(2—-mathoxy ethyvl) etber and octane were used. Dimethylacsziamids
(D¥AC) was obiainad from Burdick & Jackson (zechnical grade) asd was
distilled from ealcium hyézids. The degrezaser used was 1,2-dichlorxo-
ardane optainsd from Fisher (ACS Caritifiad). Metal coupons of ths
Ti-6-~4 alloy (2.5 x 12 cx=), 2ad soliutions of Pasa-Jell 107, BEx93/4F,
and SPREX A¥ 9 wera furnished by thz MiSA-Langley Reseaxrch. Caﬂ": .

Tha polyemic zcid (BTDA + =,="DABPE) was s*pp1'ed by the MASA- . .
azgley'RescarPn Centar as a 20% solution of tha polymer dissclved -
in diglyme [bis(2-methoxy etrhyl) ether].:. The solution was refzig-- .

erated to minimize degradation of the Qolymer- e - .

1

I~

2.  Apparacas and Procsdure. Contact éngles of water, —ercurcy,
octana, DMAC, diglyme, and polymer resin wera measured on preparead
surfaces of Ti-6-4 samples with a Gartaner Scientific microscops
goniometer. .Contact angla measurscencs sere made on alloy surizaces
clezned by the Pasa-~Jell method, aad on the matarial as-received -
except for degreasing in 1,2-dichloroethane. - Each liquid was
ducad zs drops daliversd from a syringe iasertad through the sep
of a custom optical cell. Saturation af the vapor phass wit
cell was 1nsur 2d by placing a small container of water within
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III. RESULTS AND DISCUSSION

A. Scamniag Electron Microscopy (SEM)

1. Adherend Surfaces. The most striking feature in thes -~
scanning electron photomicrograpns of the untrsated metal surface
is the amount of debris (large white: particlas) typically obsarved
as snown in Figure 1. At 100 x the surface is noticeably fine

Fig.l. Photomicragraph of Untrsated Ti-6-4 Sample (100 X)

grained;:whereas at the higher magnification (x1000) shown in -
Figure 2 the microscopic roughnsss readily becomas apparent. In

addition, many smaller white prasumably crystalline particles ara._g;

contained in and projecting from a matrix of greyish material.

5 U m— —

A photomicrograph (X1000) of the degreased sample in Figure 3
has the same surface featuras as the untresated sample except that

the amount of debris is significantly raducad. The photomicrograph
(X1000) in Figure 4 snows that the alkaline stap of the cleaniag
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Hore of - t.b.e bm:a phase particles of one to flve microns in
length are exposad in tha cleaning process. The beta phase parci-
cles, occupying prizdominantly ridges and high points on the suriace, = f“—fh;
would be expectad to be the first points of contact for an achesive ST




nles from Sets I and II
Digiyme was usad as a solvent in T
usaed as a solvent in Sample 220D3 in Set I.
~ of Sampla 219D2 in Figure 6 and of Sample 220D3 in Figure 7 indi-
- cata dramatically the difference in the extant of surface coverage
of the adhesive in these two systens. Sa—pla 213D2 (diglyme)
ibits an almost complets coverzz=2 of th2 metzl surface by the
adhesive with only small patches of metal =xposz¢ indicative of
conesive failure. On the other hamd, thea surfacs of sample 220D3 :
(DMAC) nas large areas of metal exposed 2s sesn in Figure 7 indica-
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tive of adhesive failure. The adhssive apparently did not wat th2
substrate in this system. Additional evidence for non-wetting of
the substrates by the adhesive in the DMAC system compared to ©

diglyme system is seen on comparison of tha photomicrographs in
Figures 8 and 9. The adhesive/substrate intarface im Figurz 8 i

Fig. 8. Photomicrograph of Fracture Sample 22003 (1000 X) T et

characterized by a sharp braak whareas tha same interiface in Figurs

9 is continuous. The better bondiag in Figure 9 is obvious. The

substrate surface of Samle 200D3 (Figure 8) appsars to contain

particles identified praviously as the bata phase of the alloy - Lmrse:

wnersas Sample 219D2 (Figurs 9) shows less of this particular faza- '

ture. Since the adhesive of Sampla 219D2 has wet the surface,

perhaps the fewer number of these particlass observed is additiomal i e,

evidence for the presence of a fila of adn_51v- on the surfaca..' :
The scanning e.lectm microscope results descnbe.d above : ; e

corralata well with the breaking stress data of Table I. That is, .

the fracture strength of Samples 219D2 and 220D3 decreases as the

extent of wetting or surfar.e coverﬂge decraases as seen :Ln gnres gl

6 and 7. : ol S Bk et L i
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3. Fractvrs Surfaces — Set TIL. Ti
paraed twelvs months after the samples i 2
the average lap-shear strength of tha s
(Set II) was 3860 psi. This sarias has
strength of the different series in Sat
the same adhasive-solvent syscaz 2s the Dl
The difference in tha a2bsolute value of ths lazp-shear strength is
not considared significant. In Figure 10 is seen a 100X photo-
micrograph of the sample 1In2-317D1l. The fe2atures of this sample
wera respresentative of the other samples of this series. The
significance of this photomicrograph was the apparent absence of E

the metal substrate structurs. The excellent reproducibility of
the SEM analysis of the fracturs surface is demonstrated by the _
: similarity.of the features in Ezgura 10 a2nd Figure 6 -for Set I o S : =
—=nexii- .~ -for the same BTDA + m,m'DABP/diglyme system. A closer examipation
. of this sample at 500X can be seen in Figure 11. The smoathmess of - .~ = .
the pockets relative:-to the jagged areas is apparent. The jagged . Ry rata
‘regions are believed to rasult from the fracture of contact areas — SelsTae
between the two adhesive-coatad panels when the samples were lap- S
. shear tested.. A.d’nesz.ve strengch zight be substantially incrsased
if more contact ‘with. the rssin weras p0331b1e. The pockats 1n Flgure
11 represent nau—oondlng areas.. S
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The samnles in the Imp2-515 series-had an l.harned*zte.;ééraga Ees
lap-shear strength of 2073 psi (Table I). " A 20X ph hotomicrograph, e ok
Figure 12, of the sapple 1232—516 l illustrates a structurs wvery .

o

- different from that coserved for the 122-517 series of fract
sples. Ine dissimilarity of ;the 137—317 and the 1mp2-316
more apparent: in Figura 13 (500X) which is 2 photémicrogranh o e
of the lighter regioms seen in Figure 12, - Yhareas in the Im2-517 et
sample the adhesive appeated smooth, thes adhesive in this phote—- .50 & a .
micrograph appears porous and orlttle—l*aa._ A closer examination . "'}f  ‘if
-0f.a darker region moted in Figure 12 is. seen in Figure 14 (1000%) . - A
- This region appears smooth with no evidedce of metal swhstrace. .. .
? - The jmportant featurzs to mote in rlvures 12—'4'15 1ga1n t?h“1acs of
= 'tne Eetal subs:rate structuxa. -

e

(.1 0
fu
]

to.- g
|

E=3 1“!“

A 20X phocmicrograph of saupla -2:12-515!}1 which is repra- ,
- sentative of the samples of zero strength, is seen in Figure 15. --
- This sample has a jig-saw puzzle appearance in that the. adhesive

~is cracked and brokea. This featurs is more clearly seen in - -
E‘:Lsure 16 (500X). The metal substrate structure is apparent and
_ there appears to be little watt:.'.ng bel:wnen l:ha adhasi\r& amd. the -




Fig. 13. Photomicrograph of Fracture Sample I=p2-516D1 (500 X)

14. _Photomicrograph oi Fracture Sampie
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ing contact zngles-are given in- T for:-various-liguids 3
| wich the titanium zlloy. >Each value represents -the-average-of-ac - - -~
- .I" ... least three independent measurements..-The use of-distilled water - = :
in the Pasa-Jell process-produced a surface that-gave-a water-com— -
Saiegesat Pt s~ _tact angle between 5 and:15°, whersas the use of deionized water .= '
ST i L. .- .gave an -angle-sope ten-degrees higher. It was -further noted-thar-
b if the drying was dcné in a nitrogen stream and the water drop-in-
troduced whila tha sample was still in the nitrogen atmosphere, tha
drop would spread as observed by Harkins aad Gratton (9).

The effect of laboratory air present in the drylno steD of the
roccess was examined by measuring the water contact
ous times of exposure to laboratory air for the alloy

= rate ‘ : s 3 . = .-7‘ : -7-.' = __TABL:‘: III - _ : “ ; s : i - ; -

CO\!&CT ANGLZS OF VARIOUS LIQUIDS ON ?QZEAQMD SURFACES O“
TI-6-Al-4-V SAMPLES AT 25°C . : S

Preparation
) : : Liguid Cleanad As-Receaived
T Water s e ; 0-25° 54°
s © Marcury > Not Measursd 160°
Occane S : 3 = 5 A G e N
Diglyme - R : 0° s
DMAC i T 8°
: Occane/Water A peal 175°-180°
i~ - - Polyamic acid solution . -3




measerensni,

_ S B e s i e o
i (§ e || e S 3 e
TIME (min) 1 st o S ST e
Fig. 17. Water Contact Angle Versus Lab Air Exposurzs Time for x
~-. Cleaned Ti-6-4 Samples at 25° = 2 A

after some four days of exposure to lab air was 60°. Koranyi znd . EaT o
3 _ Acs (10) also reported an increase in the contact angle of water -~ - - . - =
B on glass from 4° to 23° within 4 hours after heating. The notad : |
2 increase in contact angle (Figure 17) is taken to be indicative of — - =

contamination by adsorption of contaminants from laboratory air. =
This interpretation is in.general agreement with the work of Bartell
and Smith (11) for water contact angles on gold surfaces. They ~—~
- reportad the following values for the conditions indicated: - water -

~ 7 7 7~ vapor ¥ pure air : 6°, water vapor + benzene vapor : 84°, and water
ke - -vapor + lab.ade 3 65%.1 .o s it e T e




2, Octa;.a/na-_ar T-&ta**’ac1a_7 Contzcr Ansies. " Measurement of .
the octane/wzearfritanium alloy incerfacial contact angle verifiad
the Increasinmg contact zngle poted inm Figurs 17. A fresbhly
cleaned surface-gave an-incerfacizl coptact a:zglé of approxizataly -

(Table IFI}. Exposure to lab air For thirty minutes decraasad
the measured Interfacial-angle to 1527, close to the value obsexrvad
for the. untreacved surfaca. _Thus.octanefs =t=w‘f=o'l*-d contace ‘“fﬂa
&gz_c;;aasei with inscreasing contaminacion. of the-Ti=b-4 suﬁ_acc

- 1

- W aa ~ ]

A T W3 e e a - —— -

- The, octa:..af water. intexfacial. contact. a_L_c-Te_,_a._c.ord_._c‘--a_o.:-__
Bamilton. (12)°, --indicatés -the hydzdpnilicity o the.clesned merall
au::-af'e and: u‘*o-r-dcs gn‘es tlmatlDB or_ the ps-? ,.mforc:e.s (nOﬂ—dmaf—-

" whera ‘{w"?% g ‘tenston .of vater: (1 _&&ynes/ cm}_ =
* surfaca teasion:of octane-(21.8 .dynes/cz)y, and Isvg—lsutll&—-l:,x_ﬂ?‘;:‘
facial free emergy contrihution from aydropirilic.(polar)=incarac
t'.r.cr'!a ag q..pe. so"1 d/"':',_er mt:e;.:ace.'-*‘i:za valt,a -of 48,3715, fha‘

c:m) . Accordi:zcr o Hamiltén (12) . 301 fds c;aaaala. of. dlspE"‘SlOﬂ SR
interactions cnly have a octane/wats ar/solid coptact angle of.50 _.';:.h.-'
For surfaces with polar sites,.the contzct angla is >-50° “due -t
fntevaction.of tha polar-sires with water.- -The smaller oc‘_:_':lef -
watar contact zngles for the cleaned surface and the suriace a:{aosed
to lab air shows ths el fect UJ.. conta:-'n:r__"r__oﬂ on contac;_ anc"'e...

- -, = s = - . ._‘

Di-‘fe:r:apcas in thé-contact ancr?__s for a..fﬂyst.'e “and. D}’I.-\,C." ('l’._a._b:-
¥IT)} oo the-titanii alloy maks .an ....;.C.‘-.‘.Z&Stl:_g compaxrison ioview
of the scanning electron microscopy resuvlis. Diglyme wets thes:l .
clezned surface whareas DMAC has a finmdrs contact angle. " Ths as—
received materizl which has a higher lsvsl of contamination stiil --
exitibics a smailisx diglyme contact zmgl= Than does DMAC, The -
corralation bamrean fracture straagih #nd wetting as observad in

*the scanning 2lz2crron microscope has beea discessed above. The -
correlation 13 :_.ca-.- further documented by the measurad comtact ° |
znglas. Tbe ‘smal contact angle Ior C:r.glm cc:m-pared to DMAC u_ay

be indicative of the oette.r wet...abl_.:z.‘—y of cLo'Tyme. for tne \‘:'l tal..m:l
1loy. - T : JRJodi - .

- Water and octz—:ae/water contact anc'f_s were ., moasured on: sapara
Ti-6-4 surfaces coatad with 3% and 5% polyamic acid '(BTDA + m,m" - .
:DABP) solutions in diglyme. "The average values of the water and -
actzne/water.contact angles were 54 + 1% and 114 + 8°, respectively.
.The high and constant water.contack zngle.indicares: a compact partly
hydrophobic surface f£ilm (13)."- The wvalue of 114° for the boctamef
water contact angle is greater than the 50° contacdt angle for dis—:
persion forces only ond implies that the polyamic acid film i+ -

Etl

3/
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capable of pols.r_ mtar.ﬂ_t* Q.

- e .y

Conflicting avidence on the role.of comtact angles in’ - -_—f ;
dhesion Is. found in. the literatura. Sharpe and Schonhorn (T-’—)
"eiva 2 zero dagres contact- angle for adhesive_on .subshrate as a

wvalid criterion for.selection of .z good adhesive... On the otzp*"

hand,” Muchnick (33} found.a poor.correlatioz between joinc s;.r._agtizs
and conzact-angles. ; At:least :for the titanium alloy/polyizide,
S systam, _contact, az:.cr'le_s ara S‘t_gn_rlcan.t..as adhesion criteria.foxr the
ollagsing raascns:‘.- (l) An.a. qualitative way.(ascertaining the. .._-‘.'.,__

““fo
e g~ -
. wabtadk ’1 ;y}, contacc. anglses. of diglyme.. aud‘_i)‘rf:\(“ correl atad with

-

the f racoure strenae.h..oa- t.wo sa:anh:.‘_as alsa ‘shown. by’ elect:cn
- -miero cmy‘— (‘?‘} '*-'e.t:er.conn.ac‘_ aug'i es. were m&lca.v.:.ve of . tn... devel -

111:_9_:»"127' of aoso*::t:.on. peaks on t;.e—.d_.ﬂ:;.ar_ni: samples to n_"m- -
amount of adhesive rewaining on the. nanelsh. R.e;.le.ctance. s*::act a
of tha adhesive were obtained_ for all -sampies. in. Set IT-as expected
beczuse the .scanning electron photomicrographs showed. .s1gnisi § cant
amounts of adhesive present on all samples. : It should be erphasized
that this is aan in-situ method for' the inirared analysis of Zractuze
.suriaces.  Tha followiag assignments were made based .on the major
- #Zbsorprion peaks for sample.lmp2-5316: 700, 840,.920; 970,7and 1080
=k (83), 1_00 a:td 1370 cmk (v c—*¢), 1270 and 1730 cmw l (u,c-O). z

} - - ___ T me L .

£ provac‘i .;.:moss:.c“c to maka an.y de.l.ma_ﬂ corre.latlono bal_.qe=n
eak intepsitias and the quaacity of adhesive present.on a pansi
scause of raflectivity differencas oL the samples. Thesa é_:-=r-
encas praventsad pea& he:!.gn!' c::ompa.z:1 sons. from a common base l:u:'. P

,-- - P - B . PEAE R 2, ~r. .-;_:c.—- P

I

ot

ol

P For this reason.,. refl ect__v::.ty ‘as m..asu:ad_ by percent trzns—
-mission was usad to characterize the. fractm.ﬁ surfaces. .:The perecent
" tramsmission was measurad at 2600 cm} where no zbsorption -:-
. occurzad. -The percent .transmission.of-z. sample from each series “im
% Sat IT and also for a.polished Ti-6—4 pan=-1 and an as—-recelvnd
-.cleaped Ti-6-4 p:—mal as determined in both. smﬂlﬂ beam (SB) ané

dou'bl= beam’ (DB) modes .are l:l.sted HmvTable,IV...l

—..-‘- ..;‘. "-"-ﬂ'a >

) T .
- -'1“' ! X

- The perc.em; transmss:.on value:-obtamed An, t,h= smale,- be‘;{n - .'-' :

—

: .respecm.ve lap-shear. strenoth in. F:Lgure.- 18“- Thera appe@rs fd be *,,

- a somewnat linear relationship between .the: percunt transmss:.cn. -
and th= shaar strenOth. of the. sauml..s. "Th:.s' may. b& of no -more than
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rd
was- sean in the SEM nlicrogrs

.ass:z_g;z_..e.nu. of; the cited binding-enargies is -t Qﬁﬁ_ew‘ at a_&"‘*’ *f'"n—-v-

15 taken-.to: indicate .th .Dr sence. of_an_om&e_illlm QrL.tne__.bp:c‘-ﬁc,_-, i
“of the Ti~6=& sampla. . The oxygen! peak..was_typlcally broad-as: shovn s "
‘in Figura 19b with the main shoulder being of lower energy..” The -. :

ed in E:Ltrure 1%c. -,

q_t_a._.z,u.a?':{.za-sj.?ai’f ca1ce bub Lo is.inmzrass J....;r to
-
[erat=ia]

=2
semples of zavs shear si 45 ?_..?-“'3],}} i ‘5431_....11 bero mabal
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i
n o
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r.g,
tl

.= - D. Electzon Spact O:’:CODY for, Chemical Analysxs (HJC%} T

F_vm:a 19 shcws tynlcal =5Ca spsc:t_.a.rcn. the t1 tan::.un a_lo" -

. selscred. from 23 separate. ESCA.rums ,on_szzples that weve =ither in ...’

_the. as-r==c:e._ved stax:a or. claaned. Tan?e. V is.a lstingz of ths Hiod—
1ncr enargl.es- for-titanium, oxXygen,. n:.e_zos_n.,b_and; carbon correcrad. [ .
fm:' rne work fuonetrion of tha spectropeier. . Tha unceri_«nn*"*—wv T

fz_da_n.ce; levels determined: for-five. lnctenem,nmt sampla rmls,nﬁ‘n&

tarajure- valt..as a_d..,ass:'.g_ﬂ_nents-m__.a:ﬁ a.V—?.:f:e_.frnm <“n SEyaEces
{lﬁ) . The binding.enerzgies.for t:.t:am_mzs_and.no&yg'm_ar 1?2‘.“- o
“excellent agrascent with.the values .ofl457.9. 20d 529.6 .av'x pnrg..‘d :
by Hamilion~(8) - for Ti-6-4. samulea.,_ihe__oosamad,shift_ln..taw_,_; S

-~

bmdmv energies of the-titaaium doublat-m:omxtha nl:l.taratu*e valuesas

carbon peak in some spectra exhibited.shoulders indicating different .
typas oL carbon contamination in. coutrast to the sharp pna.{. axhibit—.

~ - IABLE V.

-

~ BINDING ENEZRGTES TN THE ESCA SPECTRA OF. THE TI-6-AL-4-V SAMPLES

Binding Energvc-av)_

Element - Cl=aned As—received

Ti " 463.4 - T .462.9

: © L 457.7

LN m) 398.7,

RD - nct detem,ned -

_!-v -

jd
“
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 Electrom
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c.- Typical ESCA Spectrum-of Carbon 1sq 12 ‘Electron_ -,
d. Typ:v.cal ESCA Spectrum of ’htzooen 153_/2 Elcctron
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No Ti signal.was ebserved in the E3CA s;raétrg'of <s-:m°:3-.-.-
Ti-6-% surfaces coztsd with 3% and 5% polyzxic acid (BTDA -+ ot
-© DABFP)} sclutions in dT glyma. - Sinca the escoge.daplh of seoondary -
electrons is 50-100 A., the absence of a titmmium si}g—;:ej ig duz to
the presence of a wmiform £ilx thicler. thas 33-100 . Ths ccaclues-
. don of.a uniform film rather than . pa‘.ch ii=m 3 .,s consistent wich
the measursd contact ﬂﬂles. .- ) - o
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L e o rmammTa— —— . e M —gane ===

i Tk ESCA. s«..uaa.es..nrov:d to ba oflg aat valua'in. éssessmc the ,x.a..'f--
Ll"“ moda of the lap joints. - The -escape depth .of the pho‘,cr ejactaed

L Ry
.electrons .from the.Ak e «:—-ra}'s 1&,30 to-; 1008 Tt wouua, Be s .

=z expected then fthat, if-the: sanples W—?.,’..’E cgﬂa:ecl';:r.th Fiim:thicker

‘-’-""na... "50-100 a--- the ESCLsunctrahoL—f:ae elzcents-gf the adperend -
-vwould not” be observad...:_The: lack-0fa ;1‘1_, s:l_c,__a}_ls..seen- ig. Yigura .:
- 20b - foxr samnlﬂ-lm_—Slﬂ)S ‘and a-strong.Ti sigazl. is_seen in. r::t.gw:a- -
"20a fon sam_gle. 9:1...-—5..51)4.--"13:1.& results. of .the ESCA stucf a5 om thal
“<samples “in- Sef Il ara “suimarized.in Table VI.. . ‘Carboz, oxygen, and-

- nitrogen were found: ‘on -al¥ .fractured ‘samples znd on -th;e as—-::ecelvad
"Pasa—lel.n_ ‘cleaned T:L-o-4 panel. --Tb.ra hmcl.:.x.f-‘ enarcs.e.s,_ B_.g';', hawe T
bean cor“r'actaa far thb work runctn.on o.s. the. SUQCL'f'OUﬂOCOﬂ.Kﬁ" u.;._*x.c
"' ‘the 2s electron of cathomn at 284 evw. o The-inrensity of.the-pezk as

- measured by the ratio of thd differénce (A} between. thelmaxizum ard

f th" minimum counts peaik Wldtb. (m) at, half-height are also no;.,eé..
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ESCA ANALYSIS OI‘ FRACTURE SAMPLES
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J:.. 2 Whe most sigaiFficane-faccurs o mocz Ly fhEe for Yhe Srasture .
saxples (Table VI) no TL.sitmal was fownd for .a-.lss 1n2-317D3 ox
1-«9'?-310.)+ indicating the'prasence .0f w.filn ar lsast zs thick as

S 50-100 A on the pznels.. This film is seen for the In2-317 =nd- . -
1.:137—-516 series in- the SEM photomicrographs of Iizures-10 zzd 12 =T
..Tae SEM rasults.showed. thaz. berae metal was pressni on =2-31
san:x:lﬂs -and the strong ESCA Ti signal for sa-pla 2m2-315D4 clzarly -
. Supports.this finding.. The E5CA.results deronsirat e_“ ~akili Loy .of.

the ESCA-technique-in. estab..__snlnc.ma...mﬁuow'i ¥ “*h
- c.ahes;.ve,- fa.:t_.t.se at-the- molecx.lar.lave.l of 39—-106 i

. Tha p”ﬂse_.t. wor é?"‘f""‘t‘_ates i 5
_.t:o ad._as:..Ve._st;.e..vth-“_:B" Tferances J.u,wag- 25111 erad casa"":r:-*““..féir:
thP ‘BTDA -+ m,n"DABR :.L'E‘.S""’ 1"*-&1."15«‘:_ compared.-ro t:le.‘g;h.e ~ra siazini:i
TDMAC “{Set T)13 A higher-adhesiva Sa.'r'=ncthawaa Aoted in-the mora -
‘We‘.:taalo ‘systeu. -f Alterpataly; “relative- sclwl_*tv -couwld . ba*-“*athez._:
_Factor to account- for differences in adhesiwve strengths-for-3BTRA + .
“m,m'DAB? and-BIDA +-m,m!DASP,-BIDA-+ m,p DABE - ﬂa&}ma,j_: SIDaBR.
aJ.L in d..vlyme (Sa*'s. Land.Ii) ._"‘D=c.réas._n° acﬁlos*we strang.ﬁx.s .a’ere‘
-nored with expected daczeasas in. - relative-sol dobd 13y S5 T’ma.-.l; the-=
“thrae rﬁs_.nsn(Sets Frand -IT)- have. diffarent g cla.:.s transition kém- - 7
“peratures. Again,. the.,mcrﬂasmo adhasi e st::ang:n pargilais .
dau_reaamer -Tg.values (see:Table I).: Work is 3.11 pro ress to d__-_lne.-v-
ate Detwaan. thesa several factors. =i = ) ~ :

GIV. CONCLUSIONS

‘. . Tha tachoiguds of_(1). contackt angle l..e..su:e:—:-.vt () 8Tbceron
gvectroscopy for chemieal szmalysis, (3) snecalar raflectance infra—
red spectroscopy, and (4) -sczaning electron micrescopy are 21l of
value in the-characcerization .of the titsmimm zlloy/pol lyimide rasin
adhesive System. The-titzmium alloy was identifizd as being con- - )

.posed of an ¢ and a B-phase based on scaaning electron microscopy.
-Scanning electron photomicrographs ravealed &a-ﬁ_:).:.:.e. " ‘changes in .l

~surfaca- topography -of the titanivmialloy aftex the alkaline- clasn— -

ing and the acid pickling steps of the clesning process;:- A corre— ~

“lation of wattaolllty to. fracture st treagth .for the DMAC and diglyme
solvent -systems was mada by use of the scanning electron’ m:.c*'osc:or'e.-
Failures in both the .zdhesive and .cohesive mode were- n.oted_:m_ the _

scanning e.lectron_ photomicrographs for fractt..:te. surfacas,-_ Tre DYAC)

- and diglyme ccntact angles on the titani um alloy. correlated with- <
. Fracture. strength. Oct:an..[water-utam.m alloy:interfacial contact
“angles indicated that both.the polyamic acid film and the alloy .-
rsurface: ¢an interact by non~dispersion forees Atmospnenc.-ccntam:,-
‘natior reduces the octana/water/solid contact’ angle. ” The'infravad - «
spe.ct:rum of fracture surface -cant_be-cbtained-in situ-by-specular .7

- a ef
e - L - —
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__furcher c¢larified the na;uz:e-._o::"_Ha..LractLra. surface’ :lr"oz.c:.l "'T'!
.presence’ or-zhsence of 'a_Ti ESCA speccrum, _znd the obsarvat_cn,_or

“niques thacifor.the-Set:Tisamples, cchesive faiTure was.'no_téé‘_i_fﬂzt;"'

reflectance infrared. spectrescopy.” “The reflactivity- of fracture
surfaces is direct] 1y related to fracture stra:v.gths'. hnalys_.s of
ESCA spectra based on binding energias.end peak intensitiss can be

o

usad to.detect the presance of th:a-thm aanesivhsurfaca lay rS.

E‘ch_her, the tech:r.ﬁ que_s of Scz—;mmcr ::.lac;_'r"c*r H_c::.'osconv (S_‘“},
Specular- Reflectance Infrared Speccroscopy. (SRIS}),.and Elaciron
Spectroseopy,> -for: Chemical analysis- (ESCA) hawe proved .complamentary
in this 1n_vest...g=t" on..of:the reiationships batsresn c-.dherep_cf_ sur—" .
faces andadhesive PI’O‘DE"’CI....:» - ..As SRIS. resultrs hava showm. ;he‘" S

presence of adhesive on all, u’actnro sapplas, .._;SC:‘:'and SEM resz.‘_ts -

“lack of- oose.rvat:t.on Of-—t"}.-’-‘ 'substrate st HC.,LL?Q:_:_B.____.:._LhE SE ‘{"Uho*"a——_

‘micrographs iz It is comcl t.c’.ae- from the -results ofthe-thrseitach &

21802 whareas adhesive failures:was poted - for 220D3. 75 Cohasive .70,
failure was: noted for: samples 1“7—317 end 1mp2-516:and. adhbs_r_va-»————

’ fa.ﬂ ure was. noted for 7“17-.3__51:1 SaL‘II":f-'
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