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Abstract—Due to its chemistry, no structural adhesive system (epoxies, acrylics, etc.) is likely to offer
an ideal combination of toughness, strength, moisture resistance, and ambient-temperature curing.
Therefore, for effective use of adhesives in primary structures, an engineer must be able to identify
adhesives that represent an optimum compromise among the different properties.

In this paper, we present techniques for screening high-strength, ambient-temperature-curing
adhesives for (1) moisture resistance under sustained loading and (2) fracture resistance in a way
that is directly related to joint performance.

Keywords: Screening structural adhesives; stress relaxation; fracture toughness; structural joints;
ambient-temperature-curing adhesives.

1. INTRODUCTION

The long-term stability of any adhesively bonded joint is limited by the response
of the adhesive to environmental factors, primarily moisture. The strength of an
adhesive joint deteriorates rapidly when it is exposed to the high end of
temperatures and relative humidities within the usual service environment of the
structure. Furthermore, the rate of such environmental attack is accelerated
under sustained (creep) loading.

This lack of durability in adverse environments has limited the use of
adhesives in primary load-bearing structures. If such joints are to become
feasible and reliable over the long-term, three primary problems must be solved:
(1) the low tensile and peel strengths of ambient-temperature-curing adhesives,
which must be compensated for by oversized, i.e. heavier, joint designs; (2) the
inadequate environmental durability, i.e. resistance to moisture and temperature,
of the adhesives; and (3) the low fracture toughness of the adhesives, which is so
poorly understood that prediction of design safety margins is impossible. So far,
advances in adhesive formulations that have ameliorated one of these problems
have generally adversely affected the others.

The proposed use of adhesive bonding for metal-composite joints, such as for
the Army’s lightweight bridge applications, will thus require the development of
new, strong, moisture-resistant, ambient-temperature-curing structural adhesives.
Working under an Army program, we formulated several such promising

*To whom correspondence should be addressed.



1B SABp / JOJ 2IND O] POMO[[E Sem 2AISaYpE a1 ], ‘padweld sem A[quiasse 2I1jus a1
pue ‘320ys oy} jo dol uo paderd uayl sem sIdUIOD §31 O) panid swIys (W $7(0'0)
[TW-Q] INOJ Yl }00[q wnujwnie uy "ie paddenus saaowas 03 urd Jurpjor e yim
[0od aa1saype a1 pajjol pue ‘do] Uo 123ys Iayloue paoe[d ‘199ys OSBI[AI JUOII|IS
B M PAISA0D (WD C'7 X LTI X S0E) Ul [ X G x 7] }00]q wWnuiwnfe ue 0juo
uonisoduwrod aarsaype paxiur AJysnoioyl 2y painod om ‘JUSWIAINSEOW [ISUI)
/UOTIBXE[DI $S211S I0J suawdads dAISaype 1Sed Of, "0unisisad aMiSIO ['77

Juisa puv uonvivdaid apduivg 77

‘(€] Funs9y
[e1daiur-g ur pasn Ajuowrwod arnp2ooid 1531 soueridwos peoun ‘usundads-s3urs
‘piepuels e sfojdwo pue s21310U2 PMOIT YorID soysmIunsip A[Iea[d yoym ‘[z]
anbiuyo9) uoneiedas £310u2 UB SBM UONBZIIIOBIBYD 10] 2SOUD M POYIdW Y I,
‘sasodind aaneredwod 103 [nJasn ‘I19AMOY ‘S
[e1dayu ;£ oy ] usuodwod A31aua auo A[uo Joage pnod uonedyipow IdwLod jo
sad£} owos asnedaq $ATIGUS 2SAY] JO UOTIDUNSIP JAIBI[D B PIPIAU A\ "UOLIIILID
2InjovI] B SB ‘90URISISAI IMOoIZ-yorid Jo siuduodwod ATroud onseid pue ansep
10q sauIquiod jey) Jo1owered an[eA-9[3UIS B ‘[RIZ1UI £ ) JO asn 3} pajdalal am
‘Aprequrg ‘paseasour uonewiojep suserd 10 Linonp se spqesrjdde aq 10u pnom
‘S[RLI9IBUI 9S9) 9ZLISIOBIBYD 0] PAsn A[9PIm SI YITUM ‘(JALJTT) SOTUBYO3W 2INJIBI]
ONISB[O IBOUIT ‘UOISUIX }orId Aue je wowroads 1891 a1 jo AS1ous [enusjod
oyl pue ‘pajedissip ASrous onseld oyl ‘peseopor AS1ous onse 2yl 2g pnom
sasodind Ino 10} siopurered [njasn jsow Ay jey) pajedsipur suondo uonezLA
-OBIBUD 2INIJRIJ JO MOIADIL Y “(SIdloweded 2INjoeI] SAISOUPE YIIM PIIB[OIIOD 2
0] AIISIWAYD JAISAYPE 0] suonesnIpow a[qeus "§'9) ssuewoytad juiol 0) pajepal
2q p[nod 11 ey} os Kjqerjal A11adoid sIy) 9ZI12J0BIRYD 0] SEAM DOURISISII QINJORIY
10J saA1saype payipow 1o unsay ur asodind inQ ‘ssauySnor anpviy 77

*$$11S I2PUN J[IYM JUSWUOIIAUS ULIBM ‘ISTOW B 01 pasodxa saalsaype £q paureisns
UIBIIS 911 S2INSBOUI 1591 SIY] 20UIS ‘SUONE[NWIO] INO 2]BN[BAD 0] 1S9) UOIEBXER[aI
-$SOIIS QY] PAIO[As am ‘D10Ja1aY ], "oanjre} jurol sasned A[jenioe 1By} 2INISIOW pue
S$S211$ JO UOTIBUIqUIOD dY} ST I ‘TaYIey ‘[T ] SoAIsaype aif} jo 1souwr Jo santadord ayy
10933e A[[EONISBIP JOU PIP JUO[E INISIOW "' ‘SUOTIIPUOI 3say} Iapun suoneduofd
pue syiSuans aqisudl djewn[n ul safuryd JuedyIudIs puno] A[OIRI SM ‘I9AIMOY
AUAUWLOIIAUD (,0TT) Do6F PUB (HY) ANpluny 9ANE[RI 9,08 < € Ul pajeiqimnbo
u93q pey 1eyl saarsaype jo sdins apisua) Junso) AQ S2AISAYPE INO JO 20UBISISAI
aInisiow 9yl 2en[ead o) pardwane 1SI O\ POUDISISAL AAMSIOW [T

SpoyIaw 1Saf 17
STANAIDOUd TVINIWIHAIXT T

-oouewroy1ad jurof 03 pajea1 A[39211Ip ST 1By ABM B UI IM0IT JorId
0] 20URISISAI 10} pue SUIPBO[ PauUIBISNS Iapun AJIADISUAS 2INISIOW I0J suawrdads
SAISAYPR JUAISHIP (O] I2A0 Zuruea1ds 10J anbruyoa) 2A119291J2-1500 B papaau am
‘Alreoydadg 20uRISISAT 2INISIOW FUISBAIOUI )M PAsBaIddp Apualsisuod (Surxay
wy Jeau Aq paInseawl Se) AJ[IIONP 20UIS ‘SSAUYSINO] 2INJOBIj PUB 20URISISAI
2IN)SIOW 1121} Y10 2IBN[BA2 0) PBY 2M JBY] PUNOJ ‘Way) Funsal Ul ‘Ing SAAISAYPE

el yoiy () D 797



Adhesive screening 263

ambient temperatures, or for 2 days at 50°C. All the adhesives mentioned in this
paper were post-cured at 50°C for 2 days.

A strip of adhesive, 4-5 in. long, 0.20 in. wide, and 0.010 in. thick (10.2-
12.7x0.5x0.025 cm), was placed under roughly 10% of its ultimate strain in a
self-contained stress jig (Fig. 1) positioned inside a humidity chamber [4]. The
relaxation of the stress as the adhesive stretched caused a logarithmic decrease in
the stress level until it reached a new equilibrium after several hours. At that
point, another increment of strain was applied. The result is a measure of the
sustainable stress as a function of the strain for an adhesive in equilibrium with
its environment. Three strips of each adhesive were tested.

Load cell

Figure 1, Device for tensile and stress-relaxation measurements.

2.2.2. Fracture toughness. Specimens for toughness testing were 1/2T compact
tension plan neat adhesive or bonded, with specimen width B=0.25 in. (0.6 cm).
Neat specimens were side-grooved to give a net specimen width between side
grooves B, =0.20 in. (0.5 cm), while bonded specimens were ungrooved, i.e.
B,=0.25 in. (0.6 cm). The dimensions of the specimens are shown in Fig. 2. The
clip gage load-line attachment points were made integral to the specimen.

The bulk specimens were cast in aluminum molds coated with release agents,
Adherends for the bonded specimens were machined from aluminum (6061-T6)
and bonded in alignment jigs to provide a bondline thickness of about 10-25
mils (0.025-0.067 mm). Initial starter cracks were made with razor blades to a
crack length of approximately 0.509 in. (1.3 cm). During testing, we determined
the crack length, a, using the unload slope and the empirical equations provided
in ASTM E1152 (3, 5]. In general, we have found that the crack length can be
obtained more accurately if the unloading is at least 20% of the current
maximum load. Measured crack lengths agreed well with those calculated by the
empirical equation for both the neat and the bonded compact tension specimens.
The results of this comparison are presented in Fig. 3.

The elastic modulus, E, was determined in a tensile test on neat specimens as
the slope of the elastic region of the stress/strain diagram, and was used for both
the crack length determination and the calculation of K,. For the bonded
specimens, we used the modulus of the aluminum.
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Adhesive screening 265

shown in Fig. 4. The strain was incremented in predetermined steps and the
specimens were tested until failure in an environmentally controlled chamber
(Fig. 1) [4]. During this time, the adhesive stress-relaxed under quasi-fixed
displacements. The locus of the lowest points of all stress-relaxation segments
represents the equilibrium tensile stress—strain curve, i.e. where the moisture
content in the adhesive is in equilibrium with the RH of the environment. The
size of the strain increment has no effect on the equilibrium stress—strain curve in
the linear elastic region [4].

Three mechanisms appear to cause the bulk adhesive specimen to stress-relax
above and beyond normal viscoelastic relaxation [4]. The first is water absorp-
tion from the surrounding environment. A state of strain changes the volume of a
unit cubic element by

&F\H:+mb:+.&_xp+mb1_. (1)

LOAD (psi x 10°%)

STRAIN (%)

(a)

@ ~
I T

LE]
I
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.
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Figure 4. Stress-relaxation records of adhesives 100 (a) and 96 (b).
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Adhesive screening 267

energy dissipated, dU,, and the elastic energy released, dU,. The total rate of
energy release and dissipation during crack growth can be expressed mathe-
matically as

Jo =G, +1=1/B,dU,/da +1/B,dU,/da, (5)

where J is the total energy release rate, G., is the elastic energy release rate, [ is
the plastic energy dissipation rate, B, is the net specimen width between side
grooves, and a is the crack length.

30
28~
26—
24+
22

204
18 AU

16 . /.ﬂ/-lnl

LOAD (ib)
7
|

5 Usj sy

1 C D 1 1

1
0.02 0.03 0.04

LOAD-LINE DISPLACEMENT (in.)

Figure 5. Partitioned load versus load-line displacement record for adhesive 3.

Figure 6 shows the width-normalized cumulative sums of the plastic energies
dissipated and the elastic energies released as a function of the crack extension.
As can be seen, G is the slope of the normalized cumulative released elastic
energy and / is the slope of the normalized cumulative dissipated plastic energy.
Also shown in Fig. 6 is the instantaneous value of the stored potential energy,
U,/B,, at any crack extension. Neither of the curves is linear with respect to
crack extension, i.e. their respective slopes are not constant and the values of G
and [/ are not independent of the crack length.

Figure 7 illustrates this last feature with plots G and I versus crack extension.
As shown, after an initial jump, both G and I decrease with crack extension. To
ensure reliable correlations during the adhesive study in the presence of this
crack-length dependence, we made all specimens identical in size and precracked
them to the same initial crack length. All our comparisons of G and I were made
at a crack growth of 0.030 in. (7.6 mm) beyond the initial crack length, since that
interval generally coincides with the onset of stable crack growth. This point is
indicated by the vertical dashed line in Fig. 7.
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Adhesive screening 269

3.3. Comparisons with the ) integral

The validity of the energy separation technique can be assessed by comparing it
with the J-integral method. In his original derivation of the J integral, Rice [6]
was fairly explicit in relating J to body potential energy, whether the material
behavior was linear or nonlinear. Rice er al. [7] assumed that elastic—plastic
material behavior could be treated as non-linear elastic material behavior in the
absence of unloading and concluded that J for the deeply cracked bend bar
could be expressed as

J=2A/B.b, (6)

where A is the total area under the load versus load-line displacement record, b
is the remaining ligament of the test specimen, and B, is the net width of the test
specimen.

The coefficient of ‘A’ in equation (6) was modified to account for the tensile
component of stress present in the compact tension specimen and was
designated by ‘%’ [8].

In general, the current calculation of the J integral takes the form

J=nU/B,b=Jy+Jy= G+ Jy=nU/B,b+nU,/B,b, (7)

where J,, is the elastic component of J, J,y is the plastic component of J, # is a
coefficient related to the type of specimen, U is the total area under the load
versus load-line displacement record, and U,, U,, B,. b, and G, are as defined
previously.

For calculating the elastic energy release rate, G is now taken to be

G=RKE (] -7, (8)

where K is the stress intensity factor as calculated from ASTM E399 [9].

We can now evaluate our technique against the J integral by comparing G
calculated in several different ways with the values obtained from the energy
separation method. It may be seen from equations (5), (7), and (8) that

G=K2/E(1-v?)=1/B,dU/da=yU/B,b, (9)

which effectively relates the stress intensity factor, K,, as calculated by ASTM
E399, to the instantaneous potential energy of the test specimen, U, and also to
the elastic energy released, U.,. Figure 8 illustrates the results of evaluating G by
the three expressions: from K, as determined from ASTM E399; from energy
separation using the increment of elastic energy released, 1/B,(dU,/da); and
from energy separation, but using the instantaneous value of the potential energy,
nU/B,, where n=2.3. As can be seen, the results of all three calculations
compare favorably in spite of plastic deformation, suggesting that the method of
partitioning the different energies is consistent with current theory. The last
calculation, 1.e. nU/B,,, gives G at the initiation of unstable crack growth.

As a further benefit, the energy separation method allows more precise
characterization of the plastic component of crack extension, a non-recoverable
energy quantity. The J integral treats U, (non-recoverable) as a component of
the potential energy U, (recoverable), whereas the energy separation method
treats U, as a post-crack extension quantity similar to U,. As a consequence, the
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Table 1.
Stress-relaxation data

Equilibrium stress/initial stress (psi)

Sample 2% strain 4% strain 6% strain UTS (psi)
1 500/2500 1600/2900 2300/3800 3600
12 100/1200 200/1400 300/1500 2800
13 700/2200 1200/3000 - 2500
100 204200 40/200 60/500 3200
14 900/2500 1700/3300 2000/3700 4800
152 700/2500 1600/3700 2200/4100 10 000
17 600/2500 1400/3200 1700/3900 6200
29« 800/2900 1500/3700 - 3700
30 100/1500 300/1900 800/2400 5000
552 180073700 2800/5000 3500/5500 6100
754 500/1300 100:0/2000 1500/2600 2700
85« 200/1200 500/1800 700/2100 1900
a1 1600/3400 230074700 2700/5300 5000
96" 1300/3000 2600/4200 3500/5500 7100

“ Adhesives formulated in the program,

environment; adhesives 12, 30, and 100 retained only 10% or less of their initial
values. However, quite a few adhesives retained 30% or more of their dry
strength under testing. Given the severe nature of this test, these performances
are considered quite satisfactory. Almost all the adhesives had good ‘instan-
taneous’ strengths (i.e. the stress values upon immediate loading at a given
moisture-strain equilibrium), so that joints weakened by moisture would still
have satisfactory properties under the type of transient stress likely to be
experienced by structures such as an airframe or a mobile bridge.

4.2. Fracture analysis

4.2.1. Neat adhesives. Test results on the different neat adhesives showed wide
variation in load magnitudes at crack initiation as well as in plastic deformation.
Figures 9a-9c¢ show typical unload compliance, load versus load-line displace-
ment records for three neat adhesives: material that experienced a brittle,
unstable failure at about 35 Ib (77 kg) but was quite moisture-resistant: very
tough but weakly adhesive material with little resistance to moisture; and a
moderately tough and strong adhesive with some moisture resistance.

Some typical results for G and I are listed in Table 2 for fracture tests on our
neat adhesive compact tension specimens; J is included for comparison and was
calculated as defined. by ASTM E1152 [5]. All values listed (average of three
tests) were taken at a crack extension of 0.030 in. (7.6 mm). G and / were
calculated by the energy separation method except in the case of brittle fracture,
where G was calculated from equation (8). G within a single specimen was
moderately constant over the crack extension examined; the standard deviation
from specimen to specimen of the same type of adhesive was 20% or less. /
values were more variable both within the same specimen and between
specimens. Of all the variables influencing the tests results, crack extension was
the most difficult to measure reliably. Crack-length measurements improved with
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Table 3,
Tensile test values for neat adhesives

Ultimate tensile

strength Modulus Elongation
Adhesive  (psi) {MPa) (ksi) (MPa) (%)
1 8960 (61.8) 410 (2830) 2.
3 7650 (52.8) 330 (2280) 5.4
5 2160 (14.9) 110 (760) 10.6
100 8340 (57.5) 410 (2830) 2.8
14¢ 8830 (60.9) 330 (2280) 5.4
96 10710 (73.9) 390 (2690) 6.3
98¢ 9520 (61.8) 330 (2280) 4.9

“Denotes model adhesives developed for this program. The
other adhesives are commercially available room-temperature-cure
systems.

4.2.2. Bonded specimens. Fracture characterization data indicated that, in
general, bonded specimens are more stable and tougher than the neat specimens.
Figure 10 shows load versus load-line displacement plots of a 1/2T CT plan neat
specimen and a bonded test specimen identical in size and type for the same
adhesive. As can be seen, the stiffer bonded specimen exhibits considerably less
load-line displacement than the neat specimen, and withstands over three times
the load; the bulk specimen in this case is completely brittle. Typical results for
bonded specimens are presented in Table 4.

The value of G for bonded specimens was similar to, but slightly lower than,
that for the neat specimens, and bondline failure was nearly always cohesive in
these cases. When the bondline failed at the adhesive-adherend interface, the

120

100 —
5 80—
=
S so Bonded
- specimen

Bulk
40 specimen

20

1 | 1 | 1
0g 0.003 0.006 0.009 0.012 0.015 0.01e

LOAD-LINE DISPLACEMENT (in.)

Figure 10. Comparison of the load versus load-line displacement records for bonded and neat
specimens of adhesive 14.
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The energy separation method described here allows G to be measured
directly from the test record using either the increment of released energy, dU,,
or the instantaneous value of the potential energy, U.. Either measurement
correlates well with current theory. The parameter [, as derived with the energy
separation method, provides a distinct and sensitive measure of the plastic
component of fracture resistance. Compared with neat adhesive specimens,
bonded specimens sustain more than three times the load at crack initiation, and
consistently exhibit greater crack-growth stability, even when the neat specimens
show brittle behavior.

Due to the under-representation of the plastic energy component, I, in the
computation of the fracture parameter, J, these calculated values suggest that the
neat adhesive specimens resist crack growth better than the bonded specimens,
contrary to experimental observation. Results of the energy separation tech-
nique, however, clearly show the superiority of the bonded specimens in resisting
crack growth, as reflected in the values of 1.

Since all of the fracture parameters discussed in this study are dependent on
the crack length, care must be taken to maintain consistent specimen size and
geometry, including the initial crack length.
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