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Comparison Between Experimental
and Theoretical Analysis of

Stress Distribution in Adhesively-
Bonded Joints: Tenon and

Mortise Joints and Single-Lap Joints*

BERNARD FARGETTE, YVON GILIBERT** and LUCIEN RIMLINGER

Université de Reims Champagne Ardenne, ER-CM2S, Laboratoire de
Science des Matériaux, BP 1039, 51687 Reims Cedex, France

(In final form January 20, 1996 )

We have studied the agreement between theoretical computations and experimental results of surface
strains of bonded joints of two types: tenon and mortise, and single-lap joints, for different lengths of the
lap. For instance, with the single-lap joint, we have tested four lengths of the overlap from 14 mm to 88
mm. Surface strains are measured by an extensometrical method with electrical gauges, when the speci-
men is loaded in uniaxial traction on a universal testing machine.

Experimental results and computations made by an improved method, such as the asymptotic expan-
sions method, agree but only if the global traction load applied on the specimen is low, or if the overlap
in respect with the others dimensions of the section of test specimen is long.

In these joints, effectively, stress fields are disrupted near the butts and become very difficult to
compute. Actually, near the ends of the overlap, stresses can reach high limits with only low global load
applied on the test specimen. With a short length of the overlap, linear behaviour disappears almost
totally because of a strong interaction of the two perturbed fields. On the contrary, with a high length of
overlap, stress fields become linear on the major part of the overlap, even with a high tensile load applied
on the specimen. So, the length of the overlap has a great effect on the linear behaviour of the joint.

KEY WORDS: Surface strains in adhesive joints; stress fields; effect of lap length; asymptotic expan-
sions method; analytical computation; comparison of theory and experiment.

1. INTRODUCTION

Bonded assemblies has become more and more used in technical fields such as
mechanical design or building. Knowledge of mechanical strength of these assem-
blages is of great practical importance. Nevertheless, computation of bonded joints
which must withstand a given load has not yet become a common practice in a
design office. Design of bonded joints is generally the result of use of empirical rules,

*Presented at the International Adhesion Symposium, 14594 Japan, at the 30th Anniversary Meeting
of the Adhesion Society of Japan, Yokohama, Japan, November 610, 1994.
**Corresponding author.
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which give the shapes of joints where the adhesive is subjected mainly to shear stress
and avoid normal traction stress or “peel stress” which weakens the joint. Mechan-
ical stresses in joints are complex, even for a simple shape of joint or simple load
such as a uniaxial tensile load. So computation in real technical applied cases, with
combined stresses, are not easy. Besides, in a traction test of a specimen, early
damage in the adhesive can occur far short of the ultimate strength of a joint.
Experimentally, precise mechanical behaviour of the adhesive in a bonded joint
which would show the start of cracking is difficult to carry measure, and electrical
strain gauges glued on the external surface of adherends, or acoustic emission, have
nowadays become two useful methods to study the damage in bonded joints.

The symmetry of the double lap bonded joint nearly eliminates the flexure in the
outer adherends. Also, many experimental studies have been directed toward a
better knowledge of the precise mechanical behaviour of this type of joint! =12,

This symmetry is again present in the tenon and mortise joint. Besides, adhesive
can be put at the slot ends of the lap to form front layers, but they are generally
fragile, because they work in normal stresses, while the two laps work principally in
shear stress. Nevertheless, the tenon and mortise joint is very rarely studied!®!4
because of the difficulty of modeling the angular singularity at each corner in
analytical studies, and the difficulties of machining the mortise in experimental
studies or technical applications!®.

The single-lap joint, studied in early analysis'®, is non-symmetrical and important
flexures appear in a test under traction load. The half-thickness type joint derives
from this single-lap joint!”-!® and allows a decrease in the misalignement of the
load. However, this does not eliminate totally the flexure of adherends!® 2!, More-
over, like the tenon and mortise joint, adhesive can fill the end slots, to strengthen
this joint, but this possibility has not been studied extensively!?,

2. EXPERIMENTAL ANALYSIS

2.1. Specimen Preparation

The geometrical shape of specimens is given in Figure 1. Adherends are made of
mild steel containing 0.18% Carbon (French Standard XC 18 equivalent to SAE-
AISI 1017) with a ferritic microstructure, or of “FORTAL HR” (trade mark of
Aluminium Pechiney), a structural hardening aluminium alloy. Bars, with a square
cross section 10 x 10 mm, are obtained by milling and finishing on a horizontal
surface grinding machine. A thread, ISO 12 x 150, is machined at an end of the bar
in order to screw the specimen into special knee joints, to fit in the jaws of a univeral
testing machine. Steps and tenon are easily made by conventional machining, but
the mortise requires wire spark machining. The finish of substrates is obtained by
sandblasting with an alumina sand, AVB 150 (trade mark of Vapor Blast), with a
particle diameter selected so as to give a total depth roughness, Rt, close to the
average size of the adhesive fillers®-%-19-11-22,

We used the commercial adhesive “EPONAL 317” (French registered trade mark
of CECA) which is a two component system: an epoxy resin containing mineral
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Electrical strain gauges

10 x 10 mm
length of the lap

Single-lap joint

.

Tenon and mortise joint

FIGURE ! Geometrical shapes of studied specimens: half thickness single-lap joints, and tenon and
mortise joints. Thickness of adhesive layers; e; = 0.4 mm, Thickness of adherends; single lap-e, = 4.8 mm,
tenon-¢, = 4.6 mm, Mortise-e,, = 2.3 mm.

fillers and a hardening agent. An overlayer of adhesive is put on each surface in
order to drive away the bubbles when the two surfaces come together during bonding.
To line up the bars, the two pieces are put on a vee block?? for this operation. A strip
of PTFE is put on the butt surfaces to avoid bonding in these places. Polymerisation
begins 20 minutes after mixing, and hardening needs a few hours at room
temperature (20°C). After hardening, the adhesive shows an elastic, brittle behaviour.

The electrical strain gauges are placed at different points (generally with a 2 mm
step) on the external surfaces of metallic adherends, in order to verify the agreement
between the experimental and analytical results of surface strains. In fact, as the
gauge length is 1.5 mm, the strain measured using these gauges, is the mean strain
along a gauge length. This must be kept in mind for experimental values near the
end of lap, because there exists there a steep strain gradient. Nevertheless, the gauges
located in the neighbourhood of the ends of the overlap enable one to determine the
stresses in areas between the angular singularities of the butts and the bulk section
in uniaxial traction and so, eventually, to improve the boundary conditions used in
analytical computations.

2.2. Test of Specimens

During a traction test of a joint, strains measured with gauges are linear with load at
the beginning, but if a microcrack occurs in the adhesive, the microstrain profile
measured along the outer surface of the adherend in front of the microcrack is
perturbed. So, at each strain gauge, a change in the slope of the curve of applied
load versus microstrain is related to the start of a microcrack or a state change. The
beginning of this cracking can be confirmed by the beginning of an acoustic emis-
sion!*. Moreover, the decrease of strain under increasing load (change in the sign of
dF/dg) is the indication of crack extension along the lap under the gauge.
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So, for each gauge, the plot of the load, F, versus the surface microstrain on the
adherends (Figure 2) enables one to know the two following thresholds:

— FDj: microcrack beginning threshold under gauge j (limit of linear behavior of the
gauge j). Beyond this limit, microcracks extend in a steady manner;

— FGj: flaw propagation threshold under gauge j (change of sign of the slope for the
curve of load vs. microstrain for the gauge j). Beyond this limit, microcracks join
together and the cracks thus created extend along the overlap in an unsteady
manner.

For all the gauges on the same specimen, the FDj minimal value determines the
limit, FD, of the “global elastic range” of the joint for a traction test.

3. ANALYTICAL COMPUTATION

The first analysis by Volkersen®!®, or the improved one made by Goland and
Reissner!, give results which show that peel stresses and shear stresses are maximum
at the end of the overlap. However, boundary conditions in the adhesive show that

A
1 Tensile load (N)
30 _\ Gauge 7
Gauge 9 4 Gauge 8 : FGT
3000 T J FG8
T
2000 FG9 * FD8 FD7
FD9
1000 +
Surface microstrain & }lm.m'1
% : —— —+ >
-150 -100 -50 0 50 1007 150

FIGURE 2 Single-lap specimen X =23.4 mm (XC 18/EPONAL 317): plot of the curves of tensile load,
F, versus “surface microstrain on adherends for the gauges No 7-8 and 9 (in the lap area), in order to
detect the thresholds FDj and FGj.
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the shear stresses must become zero at the ends of the lap. Also, if these analyses
give pertinent results in the central part of the lap, they are no longer valid at each
end of the lap. In fact, knowledge of the stresses near the ends is fundamental
because they are the highest here and, experimentally, the early damage of adhesive
begins in these places.

An improved calculation method, such as the matched asymptotic expansions
method®, enables to agree with the boundary conditions. In the case of the half-
thickness single-lap joint, analytical studies made with the asymptotic expansions
method'® give computed stresses in the adhesive where the shear stress equals zero
at the ends, and also enable one to compute strains at the outer surfaces of ad-
herends to compare with experimental results provided by electrical strain gauges.

For the tenon and mortise joint, still with the aid of the asymptotic expansions
method, stresses in the adhesive and strains in the adherends have been calculated,
with or without a front adhesive layer at each end of the lap'>.

With the formulae extracted from these analytical studies!®, we have computed,
for different lengths of the lap and an elastic behaviour, shear stresses and peel
stresses (Figures 3 & 4) in the adhesive along the lap, for single-lap joints. The
calculations are made for specimens, as shown Figure 1, with adherends made of
mild steel (E = 207700 MPa and v = 0.29) and bonded with EPONAL 317 (E = 5700
MPa and v =0.33), loaded with uniaxial load of 100 Newtons. Shear stress is maxi-
mum in the neighbourhood of each extremity of the lap, but is zero at the extremity,
where the peel stress is maximum. It is interesting to observe that the maximum of
these computed stresses does not vary a lot with the length of the lap. As a matter of
fact, the average shear stress decreases as the length of the lap increase, but the shear
stresses are concentrated at the ends of the lap.

Figure 5 shows the microstrains at the outer surfaces of the adherends, computed
under the same conditions, for several lengths of the lap for single-lap joints. In the

1.5 ¢
Shear stresses (MPa)
1= 14 mm
1=24 mm L
1=50 mm
TN
1= 88 mm
0.5 +
e — | 4 ] ’ , xmm
-50 -40 -30 -20 -10 0 10 20 30 40 50

FIGURE 3 Single-lap joints (XC 18/EPONAL 317): computed shear stresses in adhesive along the
ovetlap for different lengths of the lap.
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FIGURE4 Single-lap joints (XC 18/EPONAL 317): computed peel stresses in adhesive along the

overlap for different lengths of the lap.
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FIGURE 5 Single-lap joints (XC 18/EPONAL 317): computed values of the longitudinal microstrains
at the outer surface of adherends along the overlap for different lengths of the lap.

central part, the outer surface is in a traction state. Near the free end, the surface is
in small contraction due to a compression or a small flexure of this end. On the

other end, near the bulk section of the bar, the contraction is more severe, due to a
important flexure given by asymmetry.
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4. COMPARISON BETWEEN EXPERIMENTAL
AND THEORETICAL ANALYSIS

For single-lap joints, we have studied four lengths of lap. Table I shows the principal
mechanical characteristics found in a traction test of these specimens.

Firstly, these experimental results show the high influence of the length of the lap
on the value of threshold FD and ultimate tensile strength. These results could not
be deducted from examination of the theoretical analysis alone. Besides, they con-
firm that the ultimate load found in a simple rupture test is unable to give good
information on the load for which the damage of the joint begins.

So, with short length of the lap, the global elastic range is difficult to determine
with accuracy, but it is very low. For low loads, the mechanical behaviour at each
end of the overlap is no longer linear, and this behaviour spreads rapidly over the
whole length of the lap. With bigger lengths, the linear behaviour observed at each
end is more developed and, when the load increases, nonlinear behaviour does not
spread so quickly over the whole length of the lap.

For the four specimens (/ = 14 mm to 88 mm), we have compared the microstrains
measured at the outer surface of the adherends and the values computed from
analysis for increasing loads (Figures 6 to 9). In these figures, the theoretical curve
with dashes is computed from Berdah’s analysis?®, the two others curves from
Bensaid’s analysis'®, the first (dash + two dots) for simplified theory and the second
(dash + dot) for the matched asymptotic expansions method. An early comparison
between experimental and theoretical values has been carried out by Berdah?®, but
only in the elastic domain, for specimens [ =23.4 mm and /= 37 mm.

With the shortest length, | =14 mm, even for loads not higher than the upper
limit of the global elastic range, agreement is poor at the ends of the lap and
satisfactory only over a short distance in the central part. With longer lengths
(I=23.4 mm and higher), and a load at the upper limit of the global elastic range,
although this load is largely higher than for the shortest length, the agreement is
good over the whole length of the lap. Moreover, as shown for the greatest length,
[ =288 mm, in Figure 9, this agreement still remains acceptable over a large central
part of the lap for loads beyond the global elastic range. Of course, the length where

TABLE1
Single-lap specimens: materials used and main mechanical characteristics in a tensile
test

Materials ultimate load

adherends/adhesive length of the lap Newtons Fd Newtons

FORTAL HR/EPONAL [=14 mm 3000 200
317

XC 18/EPONAL 317 =234 mm 4500 1500

FORTAL HR/M 3-15 I=37mm 6000 2000

XC 18/ EPONAL 317 =88 mm 8000 2000

FORTAL HR: aluminium alloy... E = 72000 MPa v=0.31

XC 18: mild steel............ E = 207700 MPa y=0.29

EPONAL 317: epoxy resin......... E = 5700 MPa v=10.33

M 3-15: epoxy resin. .............. E =3360 MPa v=0.39
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FIGURE 6 Single-lap specimen I = 14 mm (FORTAL HR/EPONAL 317):. comparison between longi-
tudinal microstrains measured at the outer surface of adherends and theoretical values.
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FIGURE 7 Single-lap specimen /=234 mm (XC 18/EPONAL 317): comparison between longitudinal
microstrains measured at the outer surface of adherends and theoretical values.
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FIGURE 8 Single-lap specimen [ = 37 mm (FORTAL HR/ M3-15): comparison between longitudinal
microstrains measured at the outer surface of adherends and theoretical values.
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FIGURESY Single-lap specimen ! =88 mm (XC 18/EPONAL 317): comparison between longitudinal
microstrains measured at the outer surface of adherends and theoretical values for two applied loads-
1000 N in the global elastic range and 6000 N out of this range.

this agreement is true decreases when the load increases and becomes closer to the

ultimate value

In the case of the tenon and mortise joint (Fig. 10), there is no flexure of the
adherends of the mortise near the bulk bar and the strain, and so the stress, are the
greatest at the bottom of the mortise. Beyond this point, experimentally, we can see
that the strain decreases gradually to an average value in the bulk section of the bar.
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FIGURE 10 Tenon and mortise specimen =50 mm (XC 18/EPONAL 317): comparison between
longitudinal microstrains measured at the outer surface of adherends and theoretical values.

We find the same average value on the other side of the lap in the bar which bears
the tenon, as the uniaxial tension is the same at the two ends of the specimen.

In this joint, the global elastic range is narrow (FD = 500 N) and the first damage
begins near the free end of the mortise around x =3 mm'*. However, the damage
spreads slowly in the adhesive, until the ultimate load (F = 14500 N). For F = 4000
N, the agreement between experimental and theoretical strains is still acceptable.
Nevertheless, the experimental test shows that a small flexure, as in the single-lap
joint, takes place at the free end of the mortise but this does not appear in the
theoretically computed curve.

5. CONCLUSION

In bonded single-lap joints, theoretical analysis and tests show that maximal stresses
and crack initiation occur at or near the ends of the overlap. So, in these areas, the
stress concentration is very high, and the elastic limit is exceeded with microcracks
starting as soon as the load increases a small amount. Also, the matched asymptotic
expansions method, which enables agreement with the boundary conditions, is for
short lengths of the lap, not adapted to describe the precise mechanical behaviour in
the neighbourhood of the overlap ends, outside of a very narrow range of applied
load. In fact, in this case, there is interaction between the two singularities, which are
close to each other. Besides, the asymmetry of this joint leads to important flexure of
the adherends near the butts. So, the elastic area disappears almost completely.
For a longer length of the lap, firstly, local adaptation of the adhesive, that is
similar to plasticity, can occur in the more highly stressed locations. Secondly,
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damage such as microcracks is confined to the ends for lower loads, and does not
spread so quickly along the lap for higher loads. Also, computations are in concord-
ance with experimental results on the major part of the lap, even for a high pulling

lo

ad.
For the tenon and mortise joint, we have studied here only one length of lap, for

which agreement between experimental and analytical results is good. Others tests
are presently being carried out with lower and higher lengths of lap to determine the
limits of agreement in these cases.
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