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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 aﬁalysis of lap shear samples received from
the Boeing Cobpany-under NASA Contract NAS1-15605.
- @ SEM/ESCA analysis of flatwisc tensile specimens.

® Surface characterization of Ti0,, Ti 6-4 and Ti powders

with partxuular cemphasis on their interaction with primcr

HITH ¥

solutions of both polyphenylquinoxaline and LaRC-13 S;Q&~‘Dlg

Details of the above areas will be contained in the Final Technical

eport. A”S?Zb?Ihl of a paﬂc;nzzhzauled co’SBBEaE"iB the next issue of ™~
SAMPE Quarterly is appended. This paper summarizes some of the work done

polyinide.

in the first area listed above. e
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The Application of Surface Analvnis to Polymec/Metal Adhesiton

Jiames P Wightman
Chemistey Departnent
Virginia polytechnic Institute and State University
Blacksburg, VA 24061

The use of scaaning electron microscopy (SEf) and x-ray .
phatoelectron spectroscopy (XPS) fn the analynls of b=t " o
adherend surfaces is described. Differences {n TL 6-4

surface composition as determlned by XPS after differeat

chemical pretreatments age detailed. Analysis of fractured
surfaces by SIB{/XPS 1a u:sh\ggicstnblish the failure mode.

The surface actdity of T 6-4 Noupons cian be estahlished? by
reflectance visidble spectroscopy using indicator dyes.

. YN

Introduction

A long-term, contfauing NASA goal (1) is to develop improved adhesives
and composite matrices for high temperature supersonic transport technology.
The extreme conditfons encountered {n application of this technology demand a
unique combinatifon of processablility, toughness and durability. One aspect of
this multi-faceted program is the development of an autoclaveable, high=
temperature adhesive system for Joining titanfwi/titanfun, titanium/composite,
and composite/composite intended to scrve structurally.for thousands of hours

’ N :

at 505 K (450°F). One part of the total effort properly involves surf{ace

analysis. Our primary emphasis {2) has been onf;ie nicroscopic/spectroscopic

characterfzation of T4 6-4 adhergnd surfaces prior to adhesive bonding and
W dpeesa

followting fructure,\ The oxperimental techniques used bwweer studies are out-

lined w‘%/ W_’ [ L—J



Adherend Surface Morphology/Composition

. Scanning electron microncopy (§ﬂt) and x=ray photoelactron apectroscopy
(XPS) couple to glve a unique "fingerprint™ for each particular chemical pre-.
treatment of T{ 6~4 adherends. This conclusion 4s bascd®on the results shown
tn Fig. 1 and Table ITl. SBM {s a well known techntque (3) and {8 widely used
tn adheston studies (4). Representatfve SI2t photomieropraphs (5) of T 6-4
after four different pretreatments are shown in Fig. 1. For thg chromic acid
anodized (CAA) surface scen in Fig. 1A, there appears tn be a surface layer
contnlglng ninute cracks or fissures of irrepular shape. At the highest
mggulflcation (X 10,000), the whole surface layer appears to he sponge-like
presunably duc to the prasence of small diamecter pores not resolved {n the
SBM., The surface feztnres for the phosphoric acid anodtzed (PAA) TL 6-4
- surfaze showan in Fig. 1B are similar to those described for the CAA case,

The surface morphalogy for the Turco (TU) etched surface séea in Fig. 1C
is {n sharp contrast to that following tﬁe anodizing pretredtments. The beta
phase appecars to have grown at‘thc expense of the alpha phase and exists as
highly fragmented structures. . The alkaline hydrogen peroxide RAF process
praduces the surface scen In Flg. 1D where the gurface features are unlike any
of the preceding one?. A mottled surface i{s obtained contalning no dtst;nut
features. |

’ The XPS techniquc‘(6) involves the measurcmant of the cnergy and inten~
sity of photoeclectruns ejected from a solid sample under x-ray bombardmcnt.
The {derntificatlon of elements and the nsslgnment,of'the-chemlcnl state of
those clémcnts {n tne top 5 nn of a solid surfuce is possible with XPS,
Representative XPS results for T{ 6-4 adherends (5) are shown {n Table Il for
the same four pretreatments noted in Fig. 1. The binding encrgles (B.E,) Iun

eV for cach obscrved photopeak are tabulated along with calculated valuen



of the atomle fracttona (AF)e The F tn phqtnpunk antpned to the tlaorfde
ton, appeara on hath anodized wurfaces but aot an the TU or RAE trented
surfaces Two F la photopeaks are noted va the CAA gur(uceu sugpeating that F
is preseat la two different bhondlng states en that surfaces The 0 1r
photopeak artsting from the surface oxtde layer (s conntant ot 529.6 + 0.2bvv
acronn all four wurfacens Stodlarly, the TU 2p3 photopeak, ﬁnqlgnvd to the
tetravalent state of titantum and present as titanlam dloxtde (T102), is
consiant at 458.0 + Q.1 eV, Thé assignment of the ¥ 1s photopeak at a
_coﬁutnnt vﬁlue of 399.4 + 0.1 ¢V {3 uncectaln thouph 1t could be due t6
nitride formatlion with titantum, Calctum and phosphorus are detected an
tealduals after the RAR and PAA procorses, veap,

The vffect of thermal aging un the morphology of a freshly ptctruatcd Ti
6-4 surface ts {llustrated dramatically tn the St photomicrographs in Fip.
2, MNere, a TU pretreated TL 6-4 coupon was placed {n a forced alr oven at
498 K (450°F) for 10 hours, Tpe S22t photomicrographs of the unhsated sanple
are shown In Fig, 2A. A comparfson of Fig. 28 with Figa, 2A Jdemonstrates the
narked change in surface morpualogy asccoapanyiny theraal aptng. The
{mplication of this gruss change of physlcﬁl atructure {n boad Jdurability
studles at clevated temperatures s clear,

Fatlure mode analvatr

p SEU/XPS analysis of fractured surfaces can be used to establish the
fatiure mades The S8'M p&ﬁtumlcrunrnphs tn Fig.e 3 cuppeat a shlft from a mixed
(taterfactal/cohestve) fallure node ncen In Fig, I8 to pure cohentve fallure
seen In Yi{g. JA on nidittnn of a aflexane claxtomer to o LaRC=1) potvtatde
atheatves  The wyntheatn of 1aRC=1Y polyfmtde athestves han been doaeethed

(7,8). The XPS rcaulte (n Table Il comploment the above SIM results {n that

ong meaber of the fractured lap auecar specimen honded without the alantonmer

Sy



gives n atgntficant T photnpchk. The fact that‘thln phatopeak 18 obrerved
Augnentn appreciable interfacial faflures This (s a sipntficant conelurion
since using XPS, the old argument of cohesive versus adhestve fatlure can now
be documented dowa to the 2 nm level. No T{ photopeak is obscerved for either
'mcmber of the fractured lap shear apectimen hondod_gigb the elastomer
fadicative of coheslve fatlure. Supporting evidence for the faflure mode.
assignments {s obtained f:on other XPS photopeaks. For example, when LaRC-13
ndﬁestve remains on the TL 6=4 adherend, the binding enerpy of tie 0 1s
photopeak st fts by 1,5 eV frum 530.1 to %31.6 eVe The lower hinding eaergy
photoprak 1s charucteristic of oxyvgen {n the titanium df{oxide surface layer
{sce Table I1), Note that the smaller St 2p and F ls photopeaks observed for
the 'no clastomer' case are due to scrim cloth and pretreatment reuldunls,'
tesp. On the other hand, the larger St 2p and ¥ ls photopeaks observed for
the ‘elastoner’ case are due to tﬁc fluoruos{loxane additive,

Stimilar XPS rexults are shown in Table IV for the analysis of a fractured
T=peel specinen of Tt b=4 donded In this case with an epoxy, The unhonded
(1) adberend and one af the fracture meabers (#3) pive very similar results.
Thix suppests fracture within the surface ox{de layer rather than at the
oxide/epoxy interface., 1In the latter {nstance, XPS results characteristic of
the cpoxy would have been obzerved which was wot the case. Furthere, the
’unhondod (*1) adhcte&h‘and the sane fracture menbder (03) show only a
tetravaiont titantum [TL(IV)] photopeak agata characteristic of o titanium
dloxtde surface layer. 1t ta (nstructive {ndeed that the ovther {racture
mendber (82) glves an elemental Ti(O) photopeak at a binding (nergy 3.5 eV
lower than TL (IV). The TL{(O) photopcak would only he observed tf faflire
occurred not Just within thn‘nxtdc layer but also closre to the base atherend,

This conclusion s summartized schematically {u the {dealized diagram



tn Flg. 4.

StM photomicropraphs of a fructufcd lap shear sample bonded ;lth
polyphenylquinoxaline (PPQ) are shown in Fige 5. The synthesls of PPQ has
veen described clsewhere (9,10). The PPQ bonded CAA TL 6<% adherends pave a
measurad lap shear strength at room temperature of 4650 pst, Tt {= clear
that no features characteristic of the Tt 6=4 adhereond are seen {n the
photomtcrographs; thus, the sample fafled cohwesively. The XPS results for the
fraction surface are shown in Table V. No Ti photﬁpcnk was observed,
confirning cohesive failures The 0 1s, N 1s and C ls photopeaks are
characteristic of FPQ. Noﬁe the shift {n the binding energy of the 0 ls
photopeak compared to the adherend (sce Taﬁlc 11). The S1 2p photopeak is due
to the glass scrim cloth which {s seen in the SEt photomicrographs.

By contrast, #4 lap shear strength of 1950 psi was determined in the case
of phusphntczfﬂunrldc (b;F) treated TL 6-4 adhercends bonded with PiQ.
Apparent interfacial feature s noted froﬁ the 8™ photomicrographs of the
fracture surfaces in Fig. bA.nnJ 68, The wetal fallure surface (MFS) fn
Fige OA shows a surface morphology characteristic of P=F ctched Ti b=4
surfaces, The adhestve fatlure surface (AUS) fn Fig. 683 shows the "fmprint®
of the adherend. Closer fnspection shows micro-voids tn the adhesive left
after pull-out of the B phase,

’ The P=F surfaceiﬁfctrcatncnt fnvarfably led to debonding of the adhesive
slad when punched for XPS sadﬁlc preparation. The varlous fracture surfaces
are dcplc;ed schenatically t{n Fig. 7. The SEI photumicrogrdph of the nmetal
substrate surface (15S) and the adhesive substrate surface (ASS) érc showa {n
Figa. OC and 6D. Similar features ave noted in these ﬁhotomlcrogrnphs as

were ecen {n Figa. bA and 6B,
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The XPS ceaults for the four suclicen are shown o Table Vi The HFS
(Ftg. 6A) shows a signtflcant TL saignal which fact ts further confirmatlon of
the assfgnment of interlactal fallure for this samples The photopeak at a

hindtng cnerpy of 529.5 oV 18 assigned to oxygen In the surface oxide layer,

We have reported (11) a value of 529.5 ¢V for the 0 1s photopeak following P-F -

treatment of TL b-4., Thun,‘fhc ESCA results support the existence of a
titanfum oxide layer on the metal failure.surface. Ca {3 present as a

o tcsldunlen the Tt 6-4 adhzorend surface after the P=F treatment. The N 1s
.photopenk at 393.3 oV {8 consistent with the N 1s photopeak ohscrvcd fér the
TL1 6-4 adherend surface after any chemical pretreatment (see Table 11).
However, the origin of the nitrogen is no£ clear since a N ls pnotopeak at
ubout the same dbinding energy is observed for both pretreated Ti 6-4 and for
PPQ (sce Table V). The obsearvation of a significant S{ 2s photopeak is quite
1nterc§:1ng. Again, the vrigin of this Si signal ts not clear. However, the
fact that fajlure occurred at this interface may be assoclated uiéh the
prescence of silicon. The SEM photomicrographs (sece Fig. 6A) shows no evidence
of glass fragwment from the aérim cloth. It {s kaown that the scrim cloth is
coated with an organo~-silicon combound. Daes in fact degradatlon and
subsequent migration of silicon~containing compouris to the interface oceur?
The answer to this question wi{ll involve additional experiments.

The AFS gives an 0.1s photopeak at 531.7 eV (see Table V1) charactaristfe
of PPQ (sce Table V). Agatn, a significant Si signal is obscrved on this
surface where no glass fibers are scen (sece Fig., 6C). The absence of a TE
photopeak {s additfonal confirmation of interfacial failure. A further
conclasion can be drawn., Faflure occurred at the primer/oxide Interface
rather than in the oxide layer {n which case a T1 signal shoul& have been

observed. -



The M8S (Fig. 6C) shows an 0 ls photopeak at 529{2 eV characterintic of
the pretreated TL 6-4. 1In thls casc a small V'pcnk and a alpnificant Tt peak
were detecteds The presence of Ca is consistent with the composition of u‘P-F
treated TL 6-4 surface. The presence of a trace quantity of lead on this
surface and on the adhesive substrate 1s not vxplnincde The ASS (Fig. 6D)
shows an 0 ls photopeak at 532.2 eV characteristlc of PPQ. A small T{ pcnﬁ
was detected here indicative of fracture of the oxiide layer. No sllicon was
noted on efther of these substrate surfaces,

Reflectance spectroscopy both in the tnfrared (12) and vistble reglons
has been ust:d {n the analyeis of fractured samplés and in the determlnation of
adherend surface actdity. No sample prcp&rd:lon 1s necessary in the specular
reflectance {afrared ({r) analysis of fractured samples; the sample is simply
inscrted into the reflectance sample holder. A typical {r reflectance
spectrum (13) of a fractured thermoplastic polyviaide (13) bonded TL 6-4 lap
shear sample i{s shown in Fig. 8. The reflectance spectrus {s similar to the
more comon cransmlssion spectrun. Indccd,‘the observed peaRs corrcs}ond to
vibrations chéructetistic of the polyfmide. Thus, a relatively thick
polyimide film remains on the T{ é~4 coupon followiny (racture,

Adherend Surface Acidity

Diffuse reflectance visibdble spectroscbpy (11) has been used to moaftor
’ ~
changes {n the ahsorptlaﬁ“spectrn of acld-basc’indicators deposited from
aqueous solution on T4 6-4 adherends after varlous pretreatments, The results
of the surface acidity ncasurcacnts are listed {n Tuble VII. Note that
broathynol blue does nut change color on a TU treated T1 6~4 surflace but does
change color given a P=¥ pretreatment. Thus, the TU and P-F treated Tt 6-=4

surfaces are basic (pKaA: 7.3-9.2) and actdic (pKg : 4,9-7.3), resp.

Further, as {nferrcd from the results {n Tahle VIILL, the phosphate-fluoride



tevcated Tl 6=4 aurface decundes In ncldlity with times A new peak appears ot

630 nm In the reflectauce spoctrum after 10 hours exposure to the lakoratory

cuvironrente This conclusion In o surface cliemlntry basls for the practice of
®

peining freshly pretceated adherend sucfaces for ”prbtcctlon“ prior to

bonding.

Summarz

Basfc questfons in adheslon sclunce for example, fallure mode, surface
acidity nnd.bond‘durublllti can be nppronchéd with tncreasing confidence given
the avallability of surface apalytlcal techniques {ncluding those listed in
Table 1,
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TARLY I

EXPERIMENTAL TECHNIQUES USED [N SURFACE ANALYSIS

CHARACTERIZATION OF AIKIERENE SURESACES

Surface Morpholopy = Scanniag Electron Microscopy [SEM]

Surface Compostticn = X-ray Phetoelectron Spectroscopy [Xps)

Surface Acidity = Diffuse Reflectance Visihlc Spectroscopy

CHARACTERIZATION OF FRACTURE SURFACES

Surface Morphalogy = Scanning Electron Hicroscony

Surface Coaposition = X-ray Photoclectron Spect  Lcopy

= Specular keflectance Infraced Spectroscopy



TABLE II

XPS ANALYSIS OF Ti 6-4 SURFACES AFTER CHIMICAL PRETREANTMENT

Phot;p-eak . Chromic acid anodize Phesphorfc acid anodize Turco - RAE
' B.E.(eV)  A.F. B.E.(eV) AF.  B.E, (eV) AF. B.E.(eV) AT
F ls 687.6 - - -
| 684.4 0.03 684.4 0.02 -- -
) 1s 529.4% 0.19 529.6 0.24 ~530.0 b.ao 529.4 0.4
TL 2p3 457.8 0.08 458.2 0.10 458.0  0.09  458.0 0.1
Vs 399.2 " 0.03 399.4 0.0l 399.5 0.0l 399.4 0.0
Ca 2p3 . - - - 346.4 0.0
3 ls (284.0) 0.67 (284.0) 0.60 (284.0)  0.60  (286.0) 0.2
:” 2p3 -— 133.0 . 0,02 - -
“Al 26 -— -- .- 118.2 0.0

. '

ORIGINAL PAGE IS
.- | OF POOR QUALITY
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TABLE IEI

XPS ANALYSIS OF FRACTURED T-PEEL TL 6-4 SAIPLES

LaRC with no elastomer LaRC-13 w'th elastomcf
® stopeak A side R side A stde B side
BoEo(evs A.F . B.E.(c\’s A.F. B.E.(e\'s A.F. B.E.(e'\'s A.F.

F ls 686.9 0.01 686.9 <0.01 686.8 o.és 686.7  0.07
o 1s ~ 5314 -- 05100 530.I° 6.19 © o 531.8 0.17 = 531.6 0.17
1 2p3 - 457.3 0.04 - - -
n; 1s 399.9 0.03 399.1 0.03 398.8 .01 3 398.2 <0.0i
< ls (285.0) 0.85 (284.0) 0.69  (284.0) 0.58 (235.0) 0.58
,ﬁ_ 2p 101.4 0.01 100.9 0.05 101.8 .04.17 101,7 0.17
¢

S

!



AT(MIC FRACTIONS OF ANODLZED TL 6-4 SAIPLES SEFORE (/1) AND AFTER

Phetopenk

F ls
0 ls

vV 2p3

TL(1V) 2p3

T1(0) 2p3
N Is |

C Is

Cl 2p

Al 28

TaARLE Y

FRACTURE (#2, #3)

_!_l_
0.012
0.13
0.001
0.969
NSPe
0.006
0.77
C.004

0.01

*NSP = no significant peak

Atomic Fraction

- #2

0.004
0.24
0.001
0.078"
0.004
0.007
U, 660
0.0063

0.013

¢

NS P
0.071
NSP
0.009
0,71

NSP

0.014

avmn



CTABLE V

- XPS ANALYSIS OF FRACTURED PPQ/CAA T{ 6=4 L\P SHEAR SAMPLE

l’hotonc.‘lk B.F. (CV) A.F.
0o s $34.0 0.15
TL 2pd ‘ -

N 1s 399,1 : - 0,04 -
Cls 289,95
0,65
(284.0)

st 2p 102.6 0.16




. P
e - ——————y W-

| | TARLE VI

XPS ANALYSIS OF FRACTURE SURFACES OF ADHESIVELY BONDED T4 6-4

£hotopeak , . S : .
_ MFS AF S MSS* ASS#*

E.E.(cV) ALF.2 BE (VY AF_¢  B.E.(eV) AFor  W.E.(o¥)  AF.?
0ls $31.3 531.7°  0.13 - 5322 0,07
: 0.27 |
529.5 » 529,2  0.27
vV 2p3 - - S14.1  <0.01 : -
T1 2p3 457.9  0.04 _ - a9 0,07 458.6  <0.01
N 1s 398.3 0,02 3983 0,05 N _395.& S 0,02 . 398.0 0,06
‘ Ca 2p3 o 546;5 | 0.01 - 346,5  0.01 --
| st 2s 1525 0,05  152.6  0.03 | - -

! Irace Pb noted in both of these samples,

JBalance s duc to carbon.

|
r
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Amax VALUES AND COLOR CHANGES OF

Color change
before drying

" TABLE VLI

INDICATORS ON PRETREATED TL 0-4 SURFACES

Color and
Apax (nm) value
after deyinp

Phosphate=Fluoride

Color change
bofore drying

Color and
Apax{nm) value
after dreylap |

1.5

P |

4.9 -

9.2

Yey

8+B

GeB-C

B+h

BeY -

B ® Blue G = Green

7

————

= Yellow

. G = Blue=Green Y=B = Yellow Blue

O T T

464

Y

635

644

B-C

Y oY

BB

G+B~G

B+Y-B

B+Y

ORIGIN

436
Y

636

610

AL PAGE 1S
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TABLE VLIL
TME EFFECT ON ThE CIDLTY OF PHOSPHATE=F LUCRIDE ETCHED TL 6-4

SURFACES USING BROMTHWIOL BLUE

Color changes and

: Color changes Amax (om) valuen
Time (houre) before drying after drying
L B+ B-Y 44 (Y)
2 B+ BY 440 (Y)
5 B s B-Y u._é (Y)
10 | B+ B-Y 400(Y); 630(3)
25 B +» B-Y 456(Y); 652(n)
50 - ‘ B 'o-.B-Y o ' 426(‘\’)-; 648(B)
100 | B+ BY 444(Y); 632(B)
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