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SUMMARY

Research during the report period March 1 to August 31, 1981 has

focused on the following areas:

® Continued SEM/ESCA analysis of lap shear samples received from

the Boeing Company under NASA Contract NAS1-15605.
@ SEM/ESCA analysis of flatwise tensile sprocimens,

® Surface -haracterization of T10,, Ti 6-4 and Ti powders
with particular emphasis on their interaction with primer
solutions of both polyphenylquinoxaline and LaRC~13

polyimide.

Details of the above areas will be centained in the Final Technical
Report. A preprint of a paper scheduled to appear in the next issue of
SAMPE Quarterly is appended. This paper summarizes some of the work done

in the first area listed above.
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The Application of Surface Analynis to PolymerMetal Adhenlon

James P, Wightman
Chemigtry Department
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

The use of scanning electron microsccpy (SEM) and x-ray
photoelectron apectroscopy (XPS) {n the analynls of TL 6-4
adherend surfaces is described, Differences in T{L 6-4
surface componttion as determined by XPS after different
chemical pretreatments are detailed. Analysis of fractured
surfaces by SHM/XPS {a used to catablish the failure mode.
The surface actdity of T1 6-4 coupons can be cstahlished by
reflectance visible spectroscopy using indicator dyes.,

Introduction

A long-term, continuing NASA goal (1) is to develop {mproved adhesives
and composite matrices for high temperature supersonic transport technology.
The extreme conditinns encountered in application of this technology demand a
unique combination of processability, toughness and durability. One aspect of
this multi-faceted program is the devclopment of an autoclaveable, high-
temperature adhesive system for Joining titanium/titanium, titanium/composite,
and composite/composite intend2d to serve structurally for thousands of hours
at 505 K (450°F). Omne part of the total effort properly involves surface
analysis., Our primary emphasis (2) lLias been on the microscopic/spectroscopic
characterization of Ti 6-4 adherend surfaces prior to adhesive bonding ard

following fracture. The experimental techniques used in our studies are out-

lined {n Table I.



Adherend Surface Norphologijomposltlon

Scanning electron microscopy (SIM) and x=ray photoelectron apectroscopy
(XPS) couple to give a unique "fingerprint” for each particular chemical pre~
{ tceatment of TL 6-4 adherends., This conclusfon is bascd on the r:sults shown
in Fig. 1 and Table Il. SIM 18 a well known technique (3) and is widely used
1n adhest{on studier (4). Representative SIM photomicrographs (5) of T{ 6-4
after four different pretreatments are shown in Fig, 1, For the chromic acid
anodized (CAA) surface scen in Fig., 1A, there appears to be a surface layer
containing minute cracks or fissures of irregular shape. At the highest
magnification (X 10,000), the whole surface layer appears to be sponge~like
presumably due to the presence of small diameter pores not resolved {n the
SEM. The surface features for the phosphoric acid anodized (PAA) Ti 6-=4
surface rhown in Fig. 1B are similar to those described for the CAA casa.

The surface morphology for the Turco (TU) etched surface seen ‘n Fig. 1C
is {n sharp contrast to that following the anodizing pretreatments., The beta
phase appears to have grown at the expense of the alpha phase and exists as
highly fragmented structures. The alkaline hydrogen peroxide RAF. process
produces the surface seen in Fig. 1D where the surface features are unlike any
of the preceding ones. A mottled surface {8 obtained containing no distinct
features.

The XPS technique (6) involves the measurement of the cnergy and inten-
sity of photoelectrons ejected from a solid sample under x-ray bombardment.

‘ The identification of elements and the assignment of the chemical state of

those elements in the top 5 nm of a solid surface is possible with XPS,

R

Representative XPS results for Ti 6-4 adherends (5) are shown in Table II for

> e

the same four pretreatments noted in Fig., 1. The binding energies (B.E.) in

i eV for each observed photopeak are tabulated along with calculated values




of the atomic fractions (AF.). The F La photopeak asaipgned to the tlworide
fon, appeara on hoth anodized surfacas but not on the TU or RAF treated
surface. Two F 1s photopeaks are noted on the CAA surfaces sugpesting that F
is present {n two different honding ataten on that surface. The O l&
photopeak artatng from the surface oxtde layer {8 coantant at 529,6 + 0,2 ¢V
acrosn all four surfacea., Stmilarly, the Tt 2p3 photopeak, assipgned to the
tetravalent state of titanium and present as tltantum dioxide (T103), s
constant at 458.0 + 0.1 eVe The assignment of the N 1a photopeak at a
constant value of 399.4 + 0.1 eV 18 uncertain though {t could be due to
nitride formatfon with titanium. Calctium and phosphorus are detected as
resid "1s after the RAF and PAA processes, resp,

The ecffect of thermal aging on the morphology of a freshly pretreated Ti
6-4 surface {s {llustrated dramatically {n the SEM photomicrographs in Fig.
2. Here, a 'tU pretreated TL 6-4 coupon was placed in a forced air oven at
498 K (450°F) for !0 hours. The SEM photomicrographs of the unheated sample
are shown in Fig. 2A. A comparison of Fig. 2B with Fig. 2A demonstrates the
marked change in surface morphology acconpanying thermal aging. The
implication of this gross change of physical structure in bond durability
studies at elevated temperatures is clear,

Fallure mode analysis

SEM/XPS analysis of fractured surfacee can be used to establish the
failure mode. The SEM photomicrographs in Fig. 3 sugpgest a shift from a mixed
(interfactal/cohesive) faflure mode seen in Fig. 3B to pure cohesive failure
seen in Fig. 3A on addition of a siloxane elastomer to a LaRC-13 polyimide
adhesive. The synthesis of LaRC~13 polytmide adhestves has been described
(7,8). The XPS results in Table III complement the above SEM results in that

one member of the fractured lap shear specimen bonded without the elastomer
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gives a significant TL photopeak, The fact that this photopeak {a observed
suggencs appreciable interfacial fatlure., This s a signifilcant conclusion
~ince using XPS, the old argument of cohesive rersus adhesive fatilure can now
be documented down to the 2 nm level. No T{ photopeak is obscrved for efther
member of the fractured lap chear specimen bonded with the clastomer
fndicative of cohesive fatlure. Supporting evidence for the fatlure mode
assignments is obtained from other XPS photopeaks. For example, when LaRC-13
adhesive remains on the T{ v=4 adherend, the binding energy of the 0 ls
photoveak shifts by 1.5 eV from 530,1 to 531.6 eV. The lower binding energy
photopeak is characteristic of oxygen in the titanium dioxide surface layer
(sce Table I1), Note that the smaller Si 2p and F la photopeaks observed for
the 'no elastomer' case are due to scrim cloth and pretreatment restdunls,
resp. On the other hand, the larger S{ 2p and ¥ ls photopeaks observed ftor
the 'elastomer' casc are due to the fluorosiloxane additive.

Similar XPS results are shown in Table IV for the analysis of a fractured
T-peel specimen of T{ 6-4 bonded in this case with an epoxy. The unbonded
(#1) adherend and one of the fracture members (#3" give very similar results.
This suggests fracture within the surface oxide layer rather than at the
oxide/epoxy interface. In the latter ’‘nstance, XPS results characteristic of
the epoxy would have been observed which was not the case. Further, the
unbonded (#1) adherend and the same fracture member (#3) show only a
tetravalent titanium [T1(IV)] photopeak again characteristic of a titanium
dioxide surface layer. It {8 {nstructive indeed that the other fracture
member (#2) gives an elemental T1(0) photopeal at a binding energy 3.5 eV
lower than Ti{ (IV). The Ti{(0) photopeak would only be obscrved {f faflure
occurred not just within the oxide layer but alsc close to the base adherend.

This conclusion is summarized schematically 'n the idealized diagram
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fn Fige 4.

SKM photomicrographs of a fractured lap shear sample bhonded with
polyphenylquinoxaline (PPQ) are shown in Fig. 5. The synthesis of PPQ has
been descoibed elsawhere (9,10)., The PPQ bonded CAA T 6=4 adherends gave a
measured lap shear strength at room temporature of 4650 psi. It ta clear
that no features charactevistic of the TL 6=4 adhercaa are ween {n the
photomicrographa; thus, the sample fatled cohesively. The XPS results for the
fraction surface are chown in Table V. No Ti photopeak was obscrved,
confirming coheasive faflure. The 0 18, N 1la and C ls photopeaks are
characteristic of PPQ. Note the shift {n the binding energy of the O s
photopeak compared to the adherend (see Tasle 11). The St 2p photopeak {s due
to the glass scrim cloth which {s seen in the S$I1 photomicrographs.,

By contrast, a lap shear strength of 1950 psi was deteramined in the case
of phosphate-fluoride (P-I") treated TL 6=4 adherends bonded with PPQ.
Apparent interfacial feature {8 noted from the SIM photomicrographe of the
fracture surfaces {n Fig. 6A and 6B, The metal fallure surface (MFS) in
Fig. bA shows a surface morphology characteristic of P=F etched T{ 6~4
surfaces, The adhestve fatlure surface (AFS) {n Fig., 68 shows the “tmprint”
of the adherend. Closer inspection shows micro-voilds i{n the adhesive left
after pull-out of the B8 phase.

The P-F surface pretreatment invariably led to debonding of the adhesive
slab when punched for XPS sample preparation. The various fracture surfaces
are depicted schematically in Fig. 7, The SEM photomi:rograph of the metal
subdtrate surface (MSS) and the adhesive subst.ate surface (ASS) are shown 1in
Figs. 6C and 6D. Similar features are noted in these photomicrographs as

were seen in Figs., 6A and 6B,
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The XPS resulta for the four surfaces are ahown In Table VIie  The HFS
(Fig. 6A) shows a significant T1 signal which fact s further confirmation of
the ansignmont of interfactal faflure for this sample, The photopeak at a
binding encrgy of 529.5 eV 18 assigned to oxygen in the surface oxide layer.
Wa have roported (l1) a value of 529.5 eV for the 0 ls photopeak following PeF
treatment of T1 6=4, Thuns, the ESCA results support the existence of n
titanfum oxtde layer on the metal fatlure surface. Ca {s present as a
resfidual on the TL 6-4 adherend surface after the P=F treatment., The N la
photopeak at 398,3 eV is conseistent with the N 1s photopeak observed for the
T1 6=-4 adherend surface after any chemical pretreatment (see Table 1),
However, the origin of the nitrogen (s noﬁ clear sgince a N 1ls photopeak at
about the same binding energy is observed for both pretreated Ti 6-4 and for
PPQ (sce Table V). The observation of a significant S{ 28 photopeak is quite
interesting. Again, the origin of this S{ sigral {s not clear, However, the
fact that faflure occurred at this {nterface may be assoclated with the
presence of silicon. %he SIM photomicrographs (see Fig. 6A) shows no evidence
of glass fragment from the scrim cloth., It is known that the scrim cloth is
coated with an organo~silicon compound. Does in fact degradation and
subsequent migration of siliconcontaining compounds to the interface occur?
The answer to this question will involve additional experiments.

Th= AFS gives an 0 1s photopeak at 531.7 eV (see Table V1) characteristic
of PPQ (see Table V). Again, a significant S{ signal {s observed on this
surface where no glass fibers are seen (see Fig. 6C). The absence of a Ti
photopeak {8 additional confirmation of fnterfacfal tafilure. A further
conclusion can be drawn. Failure occurred at the primer/oxide interface
rather than in the oxide layer {n which case a Ti{ signal should have been

observed.
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The MSS (Fige 6C) shows an 0 la photopeak at 529.2 eV characterintte ot
the pretreated T4 6=4, In thir case a amall V peak and a significant TL peak
were dotected. The prescnce of Ca (s conslatent with the composition of a P=I
treated T{ 6-4 surface. The presence of a truce quantity of lead on this
surface and on the adhesive substrate is not explatned. The ASS (Fig. 6D)
shows an 0 ls photopeak at 332,2 eV characterlistlc of PPQ. A small T{ peak
vas datected here fndicative of fracture of the oxide layer. No silicon was
notaed on either of thesc substrate surfaces,

Reflectance spectroscopy both {n the infrared (12) and visible reglons
has been used in the analysis of fractured samples and in the determination of
adherend surface aci{dity., No sample prcpdratlon 18 necessary in the specular
reflectance infrared (1r) analysis of fractured samples; the sample s simply
inscerted {nto the reflectance sample holder. A typical ir reflectance
spectrumn (13) of a fractured thermoplastic polyimide (14) bonded T{ 6-4 lap
shaar sample is shown in Fig. 8. The reflectance spectrum i{s simflar to the
rore common transmissfon spectrum. Indeed, the observed peaks correspond to
vibrations characteristic of the polyimide. Thus, a relatively thi)ck
polyimide film remains on the T{ 6-~4 coupon following fracture.

Adherend Surface Acidity

Diffuse reflectance visible spectroscopy (11) has been used to monitor
changes in the absorption spectra of acid-basc indicators deposited from
aqueous solution on T{ 6~4 adherends after various pretreatments. The results
of the surface acidity mensurements are listed in Table VII, Note that
bromthymol blue does not change color on a TU treated Tf 6-4 surface but does
change color given a P~ pretreatment. Thus, the TU and P-F treated T{ o-4
surfaces are basic (pK; : 7.3-9.2) and acidic (pKg : 4.9-7.3), resp.

Further, as inferred from the results in Table VII[, the phosphate-fluoride

e ank W CamaeaNs  REE b s emene o e+




truated TL 6=4 surface decreason (n actdity with time. A new poak appuars at
630 nm in the raeflectance spactrum after 10 hours exposure to the laiuratory
environment. ‘This conclustion i»s a surface chemi:tcy buuts for the practice ~f
priming freshly pretreared adherend surfaces for 'nrotectfon” prior to
bonding.
Summary

Bastic questions in adhesion sclence for examp:., failure mode, surface
acidity and bond durability can be approached with itncreasing confidence piven
the avallability of surface analytical techniques tncludiag those listed in
Table 1.
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TABLE 1

EXPERIMENTAL TECHNIQUES USED IN SURFACE ANALYSIES

CUARACTERIZATION OF ADIEREND SURFACES

Surface Morphology = Scanning Electron Micruscopy [SEM]

Surface Composition -~ X~-ray Photoelectron Spectroscopy [XPS)

Surface Acidity - Diffuse Reflectance Visibhle Spectroscopy

CHARACTERIZATION OF FRACTURE SURKACES

Surface Morpholoyy = Scanning Electron Microscopy

Surface Composition = X-ray Photoelectron Spectroscopy

~ Specular Reflertance Infrared Spectroscopy

Pasio e 4




TABLE JIL

XPS ANALYSLS OF TL 6=4 SURFACES AFTER CHIMICAL PRETREATMENT

Photopeak Chromic acid anodize Phospheric acid anodize Turco RAE
B.E.(eV) AGF. B.E.(eV) AJF. B.E. (eV) A.F, B.E.(eV) ALF,
F ls 687.6 - - -
684,4 0.03 684.4 0.0? -- --
) 1s 52Y.4 0.19 529.6 0.24 330.0 0.30 529.4 0.48
T1 2p3 457.8 0.08 458,2 0.10 458.0 0.09 453.0 0.18
!1 ls 399,2 0.03 399.4 0.01 399.5 0.01 399.4 0.0l
Ca 2p3d - - -- Ju6.4 0,04
> ls (284,0) .67 (284,0) 0.690 (284,0) 0.60 (284,0) 0.26
1 ” 2pd - 133,0 0,02 - -
!Al 28 - - -- 118.2 0,03

ORIGINAL PAGE IS
OF POOR QUALITY



TABLE IIIL

XPS ANALY (S OF FRACTURED T=PEEL Tt 6=4 SAMPLES

LaRC with no elastomer LaRC-13 with elastomer

P atopeak A side B_side A side B side
BoEo(evs A.F., B.E.(e\’s AJF, B.E.(e‘:’) AJF o B.E.(eVS AJF,

Fols 686,9 0,01 686.9 <0.01 606.8 0.08 686.7 0.07
0 ls 531.4 0.10 530, 1 0.19 531,8 0.17 531.6 0.17
r1 2p3 - 457.3 0,04 - .
N 1s 399.0 0.03 399.1 0.03 398.8 0.01 398,2  <0.01
Cle (284.0) 0.85 (284.0) 0,60  (284.0) 0.58 (284,0) 0,58

SL2p 101.4 0.01 100.9 0,05 101,.8 0.17 101,7 0.17




FABLY LV

AT(MIC FRACTIONS OF ANODIZED Ti 6=4 SAMPLES BEFORE (#1) AND AFTER

FRACTURE (¥2, #1)

Photopeak Atomic Fraction
M #2 #3
F ls 0.012 0.004 0.024
0 ls 0,13 0.24 0.17
v 2p3 0,001 0.00! NSP
T1(LV) 2p3 0,069 0.078 0.071
T1(0) 2p3 NSP* 0.004 NSP
N s V. 006 0.007 0,009
| C ls 0,77 0. 66 0.71
| Cl 2p 0.004 0.003 NsPp
E Al 2s 0,01 0.013 0.014

*NSP = no significant peak




TABLE V

. XPS ANALYSIS OF FRACTURED PPQ/CAA Ti 6-4 LAP SHEAR SAMPLE

Photopeak B.E, (eV) AF,
0 ls 534, 0 0.15
TL 2p3 -
N ls 399,1 0,04
C ls 288.5
‘ 0.65
(284.0)

‘ Si 2p 102, 6 0.16




TARLE VI

3 XPS ANALYSIS OF FRACTURE SURFACES OF ADHESIVELY BONDED T1 6-4

" hotopeak
MF § — AFS MSS* ASS*
B.E.(eV) A.F.? B.E.(cV) A.F,/ B.Eo(eV) AF.# B.Eo(eV)  ALF,¢#
0 lﬂ 53‘.3 53107 0.13 - 53202 0.07
0,27
573.5 529,2 0,27

v 2p3 - - 514. 1 <0. 01 -

T1 2p3 457.9 0.04 - 457.9 0.07 458,6 <0,01

N ls 398.3 0.02 398.3 0.05 398.4 0.02 398.0 .06
' C& 2p° 346:5 0.01 -t 3‘0605 0.01 o -
t Si 28 15205 0.05 15206 0.03 .- --

g Irace Pb noted in both of these samples.,

#Balance {s due to carbon.
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; TARLE V1L
Amax VALUES AND COLOR CMANGES OF

INDLCATORS ON PRETREATED T4 6-4 SURFACES

Turco Phosphate=F luoride
Color and Color and
ndicator pKa at zero Color change Apax (nm) value Color change Amax(nm) value
fonic strength before drying after drying before drying after drying
Wenzeneazo- 1.5 Y-y A64 Yy 436
iphenyl- Y Y
amine
romphenol 4,1 B+B 635 BB 636
lue B B
" romcresol 4.9 G+B=G 644 G+B=-G 610
reen B~G B=~G
Aromthymol 7.3 B+B 604 B+Y-=B 464
lue B Y
Thymol 9.2 B+Y 476 B+Y 478
lue Y Y
H = Blue G = Creen Y = Yellow

G = Blue~Green Y-B = Yellow Blue

ORIGINAL PAGE IS
OF POOR QUALITY




TABLE VLII

TDME EFFECT ON THE ACIDITY OF PHOSPUATE=F LUORIDE ETCHED TL 6-4

Time (hovrs)

10

25

50

100

B=Blue Y=Yellow

SURFACES USING BROMTHYMOL BLUK

Color changes
before deying

B+ B-Y

Color changes and
Apax (nm) values
after drying

444 (Y)

440 (Y)

448 (Y)

400(Y); 630(B)

456(Y); 652(B)

424(Y); 648(B)

444(Y); 632(B)
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