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Introduction simulation to validate their experimental measurement. They

There is considerable interest in measuring the shear properf?é'?ﬂy mentioned some possible causes of thg |ncon5|stepcy be-
of an adhesive when it is in a bonded joint. Such measuremefi€en the shear moduli measured, but they did not provide de-
allow one to assess the state of the adhesive and monitor it a&id mechanistic analyses.
function of time. For example, changes in properties during bond!n addition to Moussiaux et a[1], a number of other authors
formation can be monitored, information on the quality of th&ave addressed the problem of bending in a sandwich beam under
bond can be obtained, and degradation that occurs during envirnvariety of different boundary and loading conditiofeg.,
mental exposure can be followed. Many test methods for deté8—13)). The analysis of Adams and Weinst¢ir0] is particularly
mining the shear modulus of adhesive materials have been relevant to the test under discussion here since it also addresses
ported in the literaturelsl—6]. Commonly used test methods, suctthe three-point bending of a sandwich beam. In their solution, the
as the napkin ring or thick adherend test, require costly machiniagherends were assumed to be thin enough that the induced axial
and fabricating of the test specimens as well as very careful aligiiress can be approximated as constant along the cross section.
ment and testing during the measurement. In 1987, Moussiagife assumptions in this analysis differ from those made in the
et al. [1] proposed a test method that is simple in both samplgyiyation of Moussiaux et a[1], but both formulations are lim-
preparation and measurement procedure. It involves a three-pigfj +q jinear elastic materials.

gter gfénga:?t (t)r: ?h:pae;rgsnenl]:;sea% pgﬂdtlgg%%o%ﬁéhzr t\év:?_su ‘One particularly attractive feature of the sandwich beam test is
" " w ’ XPEIT pat the standard viscoelastic test equipment can utilize the 3-point

ment involves measuring the bending stiffness of the sandW|EEh d . C " tensi f th thod 10 vis-
beam, and combining the result with an appropriate analysis Gha geometry. Lonsequently, extension ot the method 1o vis
determine the shear modulus of the adhesive. Moussiaux [df] al. coelastl_c characterlzgtlon of the adhesive might be possible. One
provided a strength-of-materials solution to deduce the shéhstraint, however, is that the range of geometry that can be used
modulus. Their analysis depends on an assumption that the adRge viscoelastic characterization equipment is limited. A recent
sive is constrained to a thin layer in the core of a thick bondedudy by Miyagi et al.[6] investigated this potential and found
structure. that the behavior of sandwich beam was liner viscoelastic. Unfor-
Spigel and Roy[7] compared the adhesive shear modulus oliunately, at low temperatures where the adhesive behavior was
tained from a tensile test on bulk material with the calculateelastic, calculations with the analyses discussed above produced
adhesive shear modulus obtained from the three-point bending teslues for the adhesive shear modulus that were not realistic. One
of a sandwich beam using the analytical solution provided kpossible explanation is that the geometry required by the test ap-
Moussiaux et al. The results showed an inconsistency of up to os&ratus violates the assumptions in the analyses. The purpose of
order of magnitude between these two values. The authors repiiis paper is to examine this question by conducting finite element
cated the three-point bending result by performing a finite elemegﬁawses(,:EA) for the geometries used in the viscoelastic study
as well as those outside this range. In addition, comparisons are
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(bond thickness, adherend stiffness )etmd uncontrolled experi- Debond__ P/2 4
mental variablege.qg., interfacial debonding, or variation of the
bond thickness

172

Analytical Solutions ' . . ,
] o . Fig. 2 The model of FEA for the 3-point bending sandwich
The test geometry is shown in Fig. 1. The stiffness of the sangeam (L=21)

wich beam loaded in three-point bendifigig. 1) is calledKg,

which is equal toP/é, whereP is the concentrated load at the

center of the specimen, antlis the corresponding deflection at bh3 b(2t)3 bh® bh(2t+h)?

the center under the loading. The two analytical solutions dis- li=—=, l,= v et ———— )
cussed above relate this stiffness to the various elastic and geo- 12 12 12 4
metric variables of the specimen including the shear modulus @here E, is the Young’s modulus of the adhesiv& (=2(1
the adhesiveG, . With the measured stiffness and the elastic ang )G, , with v, the Poisson’s ratio of adhesiy& is the sum of
geometric variables other tha&, known, an iterative process canthe bending rigidity of three separate homogenous be@ms
be used to determine the appropriate valuégt adherend bars and one adhesive laymmding about their own
axes,K is the pure bending rigidity of the sandwich beam with-

for the stiffnessKg; of an adhesively bonded sandwich beang"! thel Srlﬁf’” contriburt]ion, artd is. tlhe V‘t"dtth of the sanéiwich th
loaded in three-point bending assumes a state of pure shear in figm- 'n this approach, no special restriction was made on the

adhesive layer and linear elasticity for the sandwich beam. 0 ckness of gdheswe Iaygr, as long as the adhererjds were th!n
gives a result of: enough to satisfy the requirement that the induced axial stresses in

the adherends can be approximated as constant across the section.

Analytical Solution 1. The solution by Moussiaux et aJ1]

P 32E (t+h)® Contrary to the previous analytical approach, this solution in-
s1= 57 TT (1) cludes not only the contribution of adhesive shear deformation,
) but also the contribution of adhesive bending to the total beam
with stiffness.
3 2
B=|1+ % [4_ iz + % (E) 1_3(%_ M) Finite Element Analysis
4 f v (@) (ay) o) For the analysis conducted here, a commercial finite element
program, ABAQUS[14] was used. Only a half-length sandwich
and beam(Fig. 2 was needed for the FEA because the geometry and
3G, [L\2(1+2t/h)2 1 loading conditions are symmetric. For the best accuracy, the sand-
2_ a 2__ i i i
@ _—(— ———, y*=1+-——-—-—> (3) wich beam specimen should be modeled using a three-
Ei 1h (t/h) 3(1+2t/h) dimensional(3D) finite element analysis. We compared the two-

whereL (=2l in Fig. 1) is the loading span for the sandwichdimensional approach and 3D analyses, however, and found that
beam;h andt are the thickness of the adherend and half thickne#e added cost and complexity of 3D analysis were not warranted
of the adhesive layer, respectively; is the Young's modulus of Since the 2Dplane stregsapproach provided information accu-
the adherend<G; andG, are the shear modulus of the adherend@te enough for this study. Therefore, all the analyses performed
and adhesive layer, respectively. In this analytical approach, there used the 2D approach. The deflection of the beam was as-
assumption of the adhesive layer being in a state of pure shédmed to be much smaller than the beam thickness, so a linear
means that the adhesive layer should be very thin compared wathalysis was adopted. Also, in order to mimic possible debonding
the thickness of the adherend and the length of the beam. during the fabrication of the specimen, an analysis was performed
) ) ) _using the symmetric model and assuming symmetric debonding
Analytlcal Approach 2. The analySIS by Adams and We|nste|nareas a|0ng one of the two adherend/adhesive inter(ﬁgsz)_
[10] was developed for a structure with thin adherend sheets otgyr-node isoparametric elements were used to model the sand-
core that is taken as the adhesive layer. Their result for the stiffich beam, with the element dimensions continuously decreasing
ness of the sandwich beam in three-point bendig, is given towards the loading and stress concentration points. The effect of
by: adhesive-adherend contact that may develop in the debonded por-
P 6Ky 3(Kr—K) tanhal\1°1 f[ion of the interface was studieq qsing a built-in contact element
Ko===—3 I ( — ) (4) in ABAQUS. A Coulomb-type friction was assumed for the deb-
5 | I"Ka onding interfaces between the adhesive and adhergifs A
with parametric study showed that the friction has only a marginal
effect on the data reported in this work.

a

K=Eula+2El;, Ky=Eula+2Els,

, 2K + (2t +h)2Ebh Geometry and Material Properties
a"=0, KEh(2t) ) (5) All of the analyseqFEA and two analytical approachesere
applied to the geometries and material system used in the experi-
and ments by Miyagi et al[6]. They determined the modulus of the

adherends by measuring a single adherenddiae) in the three-
point bend apparatus, and this produced a value typical for steel,
(200.9+10) GPa(= indicates the standard uncertainty in the data
here and in the tablesThe Poisson’s ratio of the steel adherends
was taken as 0.8L] so the shear modulus of the adhere@d, is
(77.3+3.9) GPa. The loading spah, was(40.88+0.05 mm, the
width of the beamb, was(12.70+0.05 mm, and the thickness of

Q L2l O b

i | cross section each adherend bah, was (0.508+0.01) mm. This results in an
L/h ratio of approximately 80. Three different adhesive thick-
Fig. 1 The 3-point bending sandwich beam, the gray adhesive nesses, £ were examined(0.152+0.008 mm, (0.573+0.017
layer between two adherends mm, and(1.297+0.066 mm. Poisson’s ratio for the adhesive was

Journal of Engineering Materials and Technology JULY 2001, Vol. 123 / 323



adhesive was varied from 1MPa—13MPa. In addition to the
adhesive thicknesses used in the experiments, two other values
corresponding tch/t=10 andh/t=100 were examined in the 1500'0,%.—“—-«—“”'0’;”
FEA studies. Finally, a second value of the aspect rdtith - [//"
=40, was examined by FEA to assess the importance of this e Bending K, o
parameter.

assumed to be 0.3%]. For the analyses, the shear modulus of the 2000.00 T T T T ///3

0~ Total K, s

to00.00 ht=668
— Bending K, £

— — Total Ky, £

Stiffness (N/mm)

Results and Discussion

Comparison of Different Analyses. Figure 3 shows the rela- 50000 | /
tionship between the adhesive shear modulus and the sandwich o
beam stiffness obtained from FEAKc,, for various adhesive P
layers. If sensitivity in the experiment is defined as the change in L o comooo®”
stiffnessK; needed to produce a fractional chang&ip, then the e o ™ - 1o¢ 105
sensitivity is given byd InKg/dIn G,. This quantity is directly G, (VPa)
related to the slope in the semi-log plot of stiffness versus adhe-
sive shear modulugrig. 3). As seen in this figure, regardless ofFig. 4 The variation of the total stiffness and bending stiffness
the adhesive shear modulus, the sensitivity is lower when adheith respect to adhesive shear modulus
end to adhesive thickness rattt, is high (thin adhesive layer
In addition, the sensitivity becomes higher for most thick bond
thicknesses when the adhesive shear modalis larger than 10 geformation of the bond interlayer with softer adhesive material.
MPa. Below 10 MPa the change in stiffness is very small for mogt aqdition, one can notice from this figure that, regardless of the
bond thicknesses, it means that the sensitivity of the beam stiffg thickness, when the adhesive modulus is very (mwer
ness to the presence of adhesive layer is very low. Unfortunateliay 10 MPa in rubber rangethe sandwich beam can be treated
this covers most of the rubber range that is of importance forg ihree separate homogenous beams bending about their own
polymer adhesive. . _ axes. Consequently, the total stiffness of sandwich beam can be

Figure 4 shows the variation of the total stiffnessc€a) and  5phroximated very well by the sum of the three individually de-
the pure bending stiffnesxg) of the sandwich beam as a func-(jyeq stiffnesses for each beam. Since the individual stiffness of
tion of the adhesive shear modulu$ge, was calculated from e aghesive beam is much less than that of adherend beams, this
FEA. Kg was obtained from the following equation through theypjies that the sensitivity of the sandwich beam stiffness to the
equivalent section method from Timosherfli&], without includ-  yresence of the adhesive layer is diminished at the range of thick-

ing the contribution of the shear deformation: ness ratio considered here. When the adhesive modulus is compa-
6K rable to that of the adherend, the total beam stiffness converges to
KB:I—3 (7) the pure bending stiffness of the beam, since the shear deforma-

tion of the bonded layer becomes negligible.

whereK is defined in Eq(5). The results in this figure corre- Figures 5 and 6 show comparisons of the sandwich beam stiff-
spond to two bond configurations, the thin/{=6.68) and thick ness obtained from Eq¢l) and (4), respectively, to the results
(h/t=0.783) bonds tested by Miyagi et &6]. obtained from FEA. As shown in Figs. 5 and 6, both analytical

The difference between the pure bending stiffness and the tosgproaches, especially E@l), typically overestimate the beam
stiffness of the sandwich beam shown in Fig. 4 is defined as thgffness for a given adhesive shear modulus. This implies that the
shear-reduced stiffness and is attributed to the shear deformatiatculated adhesive modulus from an experimental measurement
of the bond. For the thin and thick bonds, the pure bending stifff the beam stiffness using either of these two analytical solutions
ness is virtually constant with respect to the change of adhesigeprobably lower than the actual value of the adhesive shear
modulus, except when the adhesive modulus is comparable to thtdulus. One also can see that Ef).compares much better with
of the adherend in the thick bond. The stiffness of the sandwithe FEA results in evaluating the beam stiffness over the ranges of
beam with a thin adhesive layer differs from that of the thickhe adhesive shear modulus and bond thickness considered. The
bonded sandwich beam primarily by the less pronounced shear
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Fig. 3 The stiffness of the sandwich beam  Kg4 Obtained from Fig. 5 Comparison of the analytical stiffness based on Eq. (1),
the FEA Ks1, to the stiffness  Kgga from FEA
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Fig. 6 Comparison of the analytical stiffness based on Eq. (4), Fig.8 Comparison of the analytical stiffness based on Eq. ),
Ky, to the stiffness Kpga from FEA Ks,, to the stiffness (Kgza) from FEA under different aspect
ratio L/h

derivation of Eq(4) is based on the assumption that the adherends .. .
were thin compared to the adhesive layer. However, note fro?ﬁ'alyt{cal approaqh of Eql) assumes a pure shear state in the
Fig. 6 that Eq.(4) actually compares better with the FEA result dhesive layer. Figure 8 shows the comparison of @h".’v'th

when the adherends were relatively thick. This is because t EA ar_1d_the results show tha_t decreasing the aspect ratio f_rom 80
sensitivity of the sandwich beam stiffness to the presence of t 40 will increase thg overestimate of j[he begm stlffnes‘s with Eq.
adhesive layer becomes negligible when the adherend is relativify for all the adhesive shear moduli considered. This can be
thick (see Fig. 3. In the case of thick adherends, for stiffer adhe® plaln_ed by recognizing that E¢#) assumes the deformation of .
sives, the sandwich beam can be treated as a solid homogen wich beam is represented as three separate beams bending
beam, while for softer adhesives, the sandwich beam behaved QUt 'ghelr own axegwithout shear defo_rmatlc)rplus the shear
three individual beams bending with their own axes. In eithaless induced by the bond between their interfaces. However, for

case, Eq(4) can pick up the nature of these bending behaviors® shorter beam the shear deformation in each individual layer
' Should be included.

Sensitivity Study. One way to increase the sensitivity of the &omparisons With Experimental Results. As indicated

sandwich beam deflection to the presence of the adhesive is b . .
above, the specimen geometry was based on the experimental

decrease the aspect ratio of the adherenth) from approxi- U )

mately 80, which is the case for the samples analyzed above Sfgdy Py Miyagi et al.[6]. Although that work looked at vis-

40. This is seen in Fig. 7 where the stiffness of the sandwich be elas_tlcr[y, measurements were alsq made in regions where the
hesive’s behavior should be elastic. Tests were run at 55°C,

7|

is plotted against the log of the adhesive shear modulus for t ich is well above théT, of the adhesivé~30°C), o the be-

samples with the same thickness dimensions but different SH’]aViOI’ is rubbery, and at 5°C, which is well below tiig of the

lengths,L. The effects of decreasing on the predictions from . o .
Egs. (1) and(4) were also examined. From E(l) the shape of adhesive, so the behavior is glassy. Tables 1 and 2 give the ex-
eIpe_rlmentally determined stiffnessés indicates standard uncer-

the curves fol./h=40 are nearly identical to those for the lon ; . . . !
beam (/h=280.0) except the cu)r/ves for the short beam are sh?ftéﬁ'nty in the datafor beams with three different adhesive thick-
nesses, along with the adhesive shear moduli calculated from

to the right(toward higher shear moduliThis can be understood . . -
by noting that the lower aspect ratio will redistribute the domit-hese stlffngsse.s using Ed$) and(4), and FEA. As noted in the
y by Miyagi et al[6], the calculated values seem unreason-

nance of shear deformation due to the adhesive modulus, and . - .
ably low, particularly in the glassy range. For comparison, they
determined values for the shear modulus of the adhesive in the
glassy ranggat 5°C using measurements on bulk specimens.
O,oi Because the adhesive layers in the test specimens were not very
_ thin compared to molecular dimensions, the modulus of the adhe-
o0 ] sive in the sandwich was expected to be similar to that for a bulk
sample.
The results from the bulk samples are shown in Table 3
o (* indicates standard uncertainty in the datad support the
4AT hypothesis that Eqg1) and(4) do not give the correct value. In
more recent work, the adhesive shear moduli of bulk adhesive

Lh=400 o ht-0.783
10000.00 - —o- hA=177
—o— hA=100

Lh=800 o pp=p783

v =177
bA=10.0

10600.00

Kipa (N/mm)

Table 1 Shear modulus deduced from three-point bending of
100.00 £ ot 1 sandwich beam at 5°C

. , ‘ X Sample Exp. Calculated adhesive shear modu(dPa)
100 101 102 100 100 105 thickness stiffness
G, (MPa) ratio (h/t) (N/mm) Ea. (D) Eq.(4) FEA

) . o . 6.68 £0.35 218.4 3.2 232 *72 438199 452+205
Fig. 7 Beam stiffness from finite element analysis, Krga,asa 177 +0.05 4453 7.4 160 +34 606+130 620+133
function of adhesive shear modulus, G,, for samples with 2 0.783-0.040 882.234.3 146.2-23 574+ 88 596+ 91
different span lengths, L
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Table 2 Shear modulus deduced from three-point bending of the measurements of the bond thicknéé&t) and/or the adher-
sandwich beam at 55°C end stiffnesss(E). Theoretically, §G, can be calculated from
the following equation:

Sample EXp. Calculated adhesive shear modu(ivPa)
thickness stiffness E0 @ o @ FEA K K K
ratio (h/t N/mm qg. g. =— + — + —
(hft) ( ) Ky 220 5(2t) 2(Ep S8(Ey¢) %Gy 8(G,)
6.68 =0.35 50.96:0.89 0.710.13 2.83-0.50 2.96:0.52
1.77 =0.05 48.45:0.72 0.75:-0.15 2.99-0.61  3.25-0.66 1 &ZKS
0.783:0.040 50.9%70.40 0.720.12 3.14£0.47 3.49:0.52 + E W(B(Zt))2+ C (8)

with the assumption thaiK¢ equals to zero.
First, we assessed the effect of the variation in adherend stiff-

samples were measured in our laboratory using dynamic mechar@ssé(Ey) to the calculated adhesive shear modu(6,) using
cal torsion tests over the temperature range from 0°C—60°C. Tiig. (4) and FEA. We found that for the glassy adhesive, small
provides data at both the temperatures of interest here: rubbegyiation (about=5 percenkin the adherend stiffness will result
(55°C) and glassy5°C) behavior. These results are also includeth very large variatior(up to 100 percentin the calculated value
in Table 3, and a comparison shows that Bg.gives results that for the shear modulus when the adhesive layer was very thin
are too low for both the glassy and rubbery moduli. Equatign (h/t=6.68 or morg. The easy way to explain this result is to
on the other hand, gives good agreement in the rubbery range &agasider the pure bending E(), because for very thin layer the
is much closer to the correct value in the glassy region, but is stihear contribution to the beam stiffness becomes smaller and neg-
too low. The FEA results in Tables 1 and 2 are found to be onligible with the adhesive in glassy rangsee Fig. 4 Based on
slightly larger than the predictions from E@). This leads to two Egs. (5) and (7) with the assumption thaéKy equals zero, we
important conclusions. First, the lack of agreement for adhesiti@ve
shear modulus in the glassy regi¢fiable 1 indicates that the S(EL)=—(11./1,)8(E;) )
assumptions made in the analytical solutions can't provide an ex- a fal’a f
planation for these discrepancies, and without such an explaf@r very thin adhesive layer, the ratiolgf, /1, will approach 200
tion, the sandwich beam can’t be used to characterize glassy aith h/t=6.68. Since the uncertainty in the calculated shear
hesives. The tables also show another problem with using thdulus ©(G,)/G,=d(E,)/E,) is magnified by the ratio of
sandwich beam test for characterizing glassy adhesives. The U1, the uncertainty will become very large for small variation
certainties in the calculated values are very high; that is, smafl adherend stiffness. For thicker adhesive layer, this effect is
uncertainties in the measurement of test parameters generate |laegleiced so uncertainty in the calculated adhesive shear modulus is
uncertainties in the calculated values for shear modulus. Thissisaller(about 10 percent in relative uncertaintytét=0.78 for
undesirable in a test method. similar variations of adherend stiffness. Although this effect is

Second, for soft adhesivéribbery regiol note that the mea- large and limited to the glassy range, it is also dependent on
surements of beam stiffness are insensitive to the change of baulthesive layer thickness. Consequently, it does not provide a sat-
thickness(Table 2. Also, one can see from that table that a lsfactory explanation for the discrepancy discussed above since
percent relative uncertainty in the measurenfeaty small uncer- that is approximately independent of adhesive thicknese
tainty) can cause a 15 percent relative uncertainty in the calculat€dble 1.
modulus. Therefore, although there is agreement between thé&he second parameter studied was the adhesive layer thickness
shear modulus values measured on bulk samples and those caleat is the hardest parameter to control and measure. The effect of
lated from the results of the sandwich beam t@sble 2, the an uncertainty in the bond thickness, denotedd§gt), can be
lack of the sensitivity of beam stiffness to the presence of ttepproximately related to the uncertainty in the calculated adhesive
adhesive layer still makes this test method questionable, even foeodulus,86G,, as follows:

adhesives in the rubbery state. K, oK

S
Possible Explanations for the Discrepancy. Since the lack 8(Ga)= _(m m) 8(2t) (10)
of sensitivity discussed above is a fundamental problem for using ) ) @
the sandwich beam test to determine the adhesive shear modifigsa stiffer adhesive shear modulus in glassy range(Hy.can
in the rubbery state, we will focus on the discrepancies observeg used to approxima@G, only with very smalls(2t) since the
between the shear modulus measured on bulk Samp|es and tfﬁ%’@lthlty to the bond thickness is hlgh For thin adhesive Iayers,
calculated from the results of the sandwich beam test in the glagB§ uncertainty of the bond thickness can be large so the sensitiv-
region. Two possible sources for the discrepancy are considefticalculates are made using numerical methods with(&g.
here, first the uncertainties in the measurement of the experimenfigure 9 shows the numerically calculated variationssf,
tal parameters, and second the effects of undetected voids an@@imalized by the adhesive shear modul(@,)( with respect to
debonds at the interfaces between the adherends and adhesivé(2t) normalized by the adhesive thickness):2Three different
o . . . __ bond configurationgh/t=6.68, 1.77, and 0.783wvere evaluated
_ Sensitivity Analyses.To examine the first question, a sensitivhased on the experimentally determined beam stiffness shown in
ity analysis was performed using E@) since it agrees closely Taple 1. We adopted the adhesive shear modulus 1.06 GPa at 5°C
with the FEA analysis. The uncertainty in calculating the she@btained by dynamic testing on bulk adhes{¥able 3. From the
modulus 3G, was considered primarily due to the uncertainty iResults in this figure, the potential error in calculating the shear
modulus due to the error in measuring the bond thickness can be
seen to increase dramatically when the adhesive layer becomes
Table 3 Shear modulus from measurements on bulk speci- stiffer (high G,). If the bond thickness used in the calculation is
mens (details in ref. [1]) measured larger than the actual valu#24t)>0), the adhesive
shear modulus in the glassy regi@s°C) will be significantly
Shear modulugMPa) underestimateddG,<0). This is exactly what is needed to ex-
Test method 5°C 55°C plain the discrepancy discussed above. On the other hand, the over
- - estimation of bond thickness would need to be significagt10
ngg{glfag]?ecgtamcal et 1%&)%%83 2.88:0.17 percent—15 percent of the thickngsgable 1 shows the discrep-
Bending test 1066 70 ancies in shear modulus to be the same for all bond thickness.
Thus the difference between the assumed bond thickness and ac-
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Fig. 9 The uncertainty analysis results based on Eq. 4)

Fig. 10 The comparison of results between debonding and no-
debonding with respect to adhesive shear modulus G, (h/t
=6.68, a//=0.1, a: crack length )
tual bond thickness may need to vary with bond thickness in a
specific way to get an adhesive shear modulus that was indepen-
dent of the bond thickness. Consequently, although this explana-
tion is encouraging, it is not completely satisfactory. percent at maximum when the adhesive shear modulus is 1.06
. . GPa. This reduction will correspond to a 10 percent increase of
Contact Problem. The second area examined, as a possiblfe calculated shear modulus from Ed). Even with this in-

explanation for the discrepancies is the presence of an undete se, the shear modulus obtained from @Kusing three-point
debond region in the adhesive or along the interfaces betWQ%hdin’g test is still lower than the expected valied6 GPa
adhesive and adherends. This could result from improper wettigglat means the reduction of the beam stiffness caused by the
or formation of a void during fabrication. Moreover, the mismatcll e rfacial debonding is likely not the primary source for the dis-

of the material properties in the bonded interfaces can prOdu&Pepancies in shear modulus measurements.

thermally induced stresses during fabrication, and this might pro-Tpe gata in Figs. 10 and 11 also indicate that the reduction of
duce an interface debonding. Such flaws in the adhesive bopd peam stiffness is limited when the adhesive modulus is low.
would lower the stiffness of the beam and a calculation of theyis is hecause the sandwich beam could be treated as three sepa-
adhesive shear modulus would yield an artificially low valugg4ie homogenous beams bending about their own éagsnen-
Consequently, the effect of possible pre-existing debonding argas,aq previously, and the existence of the debonding area be-
on the stiffness of the sandwich beam loaded in three-point 10gGsmes  immaterial. When the adhesive modulus becomes
ing was also examined by FEA. In these studies, the debonds wege, o raple to the adherend modulus, the specimen can be treated
assumed to reside along the upper adhesive-adherend interface; homogeneous beam under pure bending deformation only
(Fig. 2 and be.symmetrlcally located .relatlve to the centerllne SQee Fig. 4 The shear deformation of the bond becomes negli-
that the analysis can be performed with half of the bé&im. 2.  gipje and the local perturbation due to the existence of the deb-

Specimens were analyzed with debonding at three different |°%ding will not affect this global mechanical response. Figure 12

tions: the free edge, the quarter point, and center of the sandwiglis|ays the reduction of the beam stiffness due to the change of
beam along the upper interfa¢Eig. 2). A separate study indi-

the debond size for the adhesive modulus of 1.06 GPa and two

cated that placing the debonding area at the upper or lower intgfq configurations. The result in this figure demonstrates that the
face does not make much difference in the reduction of beam

stiffness, since the shear stress does not vary significantly over the
range of adhesive thickness used in the experiments.

Figures 10 and 11 present the change of the beam stiffness with
respect to adhesive shear modulus for two bond configurations
with one debonding area. The ratio of debond length to beam
length @/1) was equal to 0.1 here, ardt was varied between
6.68 and 0.783(thin bond and thick bond From the results
shown in the Figs. 10 and 11, the different debond locations were
found to influence the beam stiffness to different degrees. The
influence becomes more pronounced when the debond location
moves from the center of the sandwich beam to the free edge,
irrespective of the bond thickness. This is because the shear stress<
in the interlayer along the length of the bonded beam increases
from the center to the edge. Consequently, strain energy lost due
to the existence of the debonding area is higher when the debond
is at the edge than when it is at the center. These figures also show O Debond at quartertedge
the FEA result for the change of beam stiffness when more than . e L
two existing debonding areas are present at different locatamns e e 0 10 10+ 10
the quarter length and the edge of the bgarhe resulting reduc- G. (MP)
tion in the beam stiffness is equal to the superposition of two *
single debonding areas because of the linearity. As indicatedfy. 11 The comparison of results between debonding and no-
Figs. 10 and 11, the reduction of beam stiffness due to the p@@bonding with respect to adhesive shear modulus G, (hit
sible existence of interfacial debond is by a fraction of about #0.783, a//=0.1, a: crack length )

no-debond

ehond

—&— Debond at center
--v— Debond at quarter
—a— Debond at edge
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discrepancy found in glassy adhesives. Factors studied included
the uncertainty in the adherend stiffness, adhesive bond thickness
and the presence of a nonbonded region along the interfaces be-
tween adhesive and adherends. Unfortunately, none of the pos-
sible causes taken singly can provide a satisfactory explanation
for the discrepancies. Consequently, the sandwich beam test is not
a desirable method to characterize the adhesive shear modulus.
Additional studies are needed before the sandwich beam can be-

hit = 6.68

Kd:bond /Kno-dchond
<
e
&
T

e center come an acceptable method for evaluating adhesives, at least with
Sy e the geometry range studied here.
—a— edge
070 b hr=0783 4
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—v— quarter
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