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Microcrack Initiation in Adhesive Bonded
Double-lap Joints with Scarfed Ends of
Outer Adherendst

Y. GILIBERT: and M. L. L. KLEIN

Groupe Composites et Collage, Laboratoire de Mécanique et Energétique, Ecole Nationale
Supérieure de Techniques Avancées 91120 Palaiseau, France

(Received June 14, 1988; in final form December 10, 1988)

Strain-gauge methods show how the scarfing of outer adherends influence the thresholds for
microcrack initiation and flaw propagation in an adhesive-bonded, double-lap joint. There is an
optimal value for the angle of the free ends that gives the sample, undergoing shear obtained by
loading in direct traction, a very good mechanical strength.

A simplified solution can be calculated from the hypothesis of pure traction of the adherends, which
is comparable with the microstrain profile. A numerical method is also obtained for quasi-linear
evaluation of the shear modulus of the adhesive joint.

KEY WORDS Adhesive bonded joint; double-lap; scarfed joint; optimization; experiment; theory;
damage mechanism; shearing; tearing.

1 INTRODUCTION

The double-lap joint, represented in Figures 1 and 2, has been used in the
non-scarfed case (/;=e,) to study the quality and strength of the joint.
Experiments with the optimal model, that maximizes the ultimate load for a given
core thickness, have shown that the classical theory, in which adherends are
stressed in traction, is a good approximation in the linear range.

However, the extensometric method has brought to the fore the local
perturbations caused by internal damage of the adhesive joint, studied by
Gilibert.'

The researches that we have conducted on plane or axisymmetrical composite
materials, have enabled us to refine our experimental method. It is based upon

t Presented at the International Conference, “Adhesion 87" of the Plastics and Rubber Institute
held at York University, England, September 7-9, 1987.

i Corresponding author, whose address is: Université de REIMS, I.U.T. GENIE CIVIL 51100
REIMS, France.
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FIGURE 1 Traction test specimen,

measurements of the surface strains of the loaded test specimen, by the means of
electric strain gauges. (See Chapter VIII of Reference 1).

We get reliable, precise and accurate results, which can be satisfactorily
reproduced. Moreover, to treat any problems encountered, we have designed and
developed new tools,>>* where existing techniques were inadequate. The
experimental investigation is the best way to give prominence to the basic facts, in
fields where the classical and theoretical approach of continuum mechanics is
often not suitable.>*7#

In Section 2 we describe how test specimens were constructed. Then, we
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FIGURE 2 Double shear joint, with scarfed ends of outer adherends.

present the results of a theoretical and experimental analysis of the mechanical
behaviour of the unbevelled double-lap. Sections 4 and 5 are devoted to the
analysis of the influence of the bevel angle of the steel sheets on the mechanical
behaviour of the specimen.

2 EXPERIMENTAL ASPECTS

2.1 Unbevelled double-lap (UBDL)
The type of samples used (Figure 1) is as follows:

a) For adherends we have used a low carbon steel (0.18% carbon; XC 18
French standard, equivalent to SAE-AISI 1017) of uniform quality, the charac-
teristics of which have been measured by an extensometric method in a tensile
test:

Er=E,=207700+ 10 MPa, v;=v,=0.288+0.003 (the strain gauges were
installed on steel rods, 25 cm long and 1 cm square cross section. The pickup was
of the type WA 06120 WT VISHAY MICRO-MEASUREMENTS). The loading
rate was close to 100daNmn~' (¢=10"%s""). The uniform quality of our
materials has been controlled by the Brinnel hardness test (HB=190), and
microscopic observations were made for the ferritic structure.

b) The bonding was performed with an epoxy adhesive, polymerized at room
temperature, EPONAL 317 (Registered mark of CECA, France). Traction tests,
effected on specimens made in bulk adhesive, gave E = 5800 MPa, v = 0.327. The
traction curves (¢ = 107®s™!) showed an elastic, brittle behaviour.

¢) To increase the strength of the bond between the adhesive and the
adherends, these were sandblasted with corundum particles, of mean diameter
equal to 169 um. The study of the surface state, developed by Gilibert,' has
shown that this yields a roughness adapted to the mean diameter of the mineral
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fillers contained in the adhesive (d,, =7 um)."®® Their roughness was defined by
the NF-E05-015 criteria (French automobile standards).

The study of the influence of the thickness of the adhesive layer, with
sandblasted adherends (thickness e, =4.5mm), always showed an internal
fracture due to shear (in the case of steel of French standards XC18 and XC90,
for 0.05 <e; < 1.5 mm).

Figure 1 describes a test specimen whose dimensions virtually maximize the
breaking force. We used this model to study the influence of the bevelling (or
scarfing) of the ends of the adherends 7, and T, (Figure 2), on the mechanical
behaviour in shear, under traction.

2.2 Bevelled double-lap

The specimen is described in Figure 2. It comes from the same materials as the
unbevelled double-lap, shown in Figure 1. The design and manufacture of the test
specimens presented many technical problems, due to the difficulties that we had
in handling some of the steel sheets with ends bevelled at only a few degrees. In
particular, we studied, designed and developed devices that allowed the ad-
herends to be assembled very accurately during the polymerization of the
adhesive joint.

2.3 Experimental method

2.3.1 Preliminary statements The detection system by electrical strain gauges,
that we have developed,' localizes:

a) the regions of microcrack initiation, and

b) the area where the debonding of the sheets (or of the core) occurs, in the
case of adhesive failure.

The slope inversions (Figure 3) show that, at the corresponding points (situated
towards the free edge of outer adherends):

— The steel sheets do not lengthen any more, but contract,

- The tensile load is no longer transmitted in the same way to the steel sheets
through the adhesive joint.

Therefore, locally there occurs:

— either an adhesive failure in the interface resin—steel, on the side of T, and T,
or on the side of the core A.

— or a shear fracture of the joint J.

The examination of the pieces after fracture determines the type of the fracture.

2.3.2 Various types of fracture observed Depending on operating conditions
and on the geometrical and mechanical parameters of the test specimen, various
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FIGURE 3 Graphic determination of the loads, beyond which the microcracks occur, and the flaws
extend, in the case where the adherends have a sand blasted surface state.

types of fractures may occur:

a) Shear fracture of the joint.

When the total failure of the specimen was due to a shear fracture of the joint,
one part of the adhesive stuck to the core surfaces, and the other part to the sheet
surface. The general debonding happened only by the failure of the resin
macro-molecules that composed the adhesive joint. For this type of chemical
bonding, we used the symbol (J-J). (See the observation of the surfaces after
fracture of the samples.')

b) Adhesive failure.

Its main features are the debonding of the joint at the resin-core or resin-sheet
interfaces. All the adhesive is removed from one of the adherend surfaces, the
core or the steel sheets, therefore the bonds between resin and metal,
respectively, referred to by (J-T) and (J-A), are destroyed under the stress
generated by the tensile load. Thus, in the parts of the joint where this type of



15:17 22 January 2011

Downl oaded At:

56 Y. GILIBERT AND M. L. L. KLEIN

fracture occurs, the bonds (J-T) or (J-A) are less strong than (J-J) for the
regarded load."’

An experimental study for this type of bond has been presented by Komiha,"
for which the author has carried out all the tests studied. A thorough study of this
type of bond brings to light the early initiation of microcracks at the
resin/aluminium alloy interface. Experimentation has defined the basis of an
analytic model to adapt continuum mechanics to this type of mechanical
behaviour.'!

¢) Mixed fracture.

The two types of debonding previously described can coexist in the same test
specimen. The predominance of one or the other depends on the surface state of
the adherends and on geometrical and mechanical parameters.

2.3.3 Choice of the graphic representation We can draw the following types of
curves:

—load F according to the microstrain registered for particular abscissa, i.e.
F = f(¢) (curve type 1, Figure 3).

— registered microstrain £ according to the position of the gauge for various
given loads, i.e. € =f(x) (curve type 2, see volume II of Reference 1).

—load F according to the calculated stress in a particular abscissa, i.e. F = f(0)
(curve type 3, see volume II of Reference 1).

— calculated stresses o according to the abscissa along the sheets, i.e. 0 =f(x)
(curve type 4, see volume II of Reference 1).

To study the phenomena more thoroughly, it is interesting to draw these curves
for each face and each type of value (longitudinal or transverse). We can also
draw"'? the average curves defined by symmetrical abscissas with respect to the
longitudinal axis O'X' of the main reference mark (Figure 1), and it should be
noted that they are representative of the behaviour of the joint."

The utilization of the recorded, or calculated values, often demands:

— the choice of the scales best adapted to the representation of the phenomena.

— the reproducibility and the comparison between several experiments.

— the setting apart, and the enlargement, in a specific region, of parts of the
curves that show clearly the characteristic properties.

We developed programs to carry out all this work automatically.

3 STUDY OF THE PREFERENTIAL SHEARING OF THE ADHESIVE JOle J.

Considering sand-blasted surface states, the fracture of the test-specimen is a
preferential shear fracture inside the joint. In order better to analyse the
phenomenon in this case, we need to consider the average curves 1 (Fj,, Fg),
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FIGURE 4.1 Mechanical behaviour of the free ends of sheets T, and T,. Variation of the
microstrains, as a function of the gauges’ position, and of the pulling effort.

2(Fp,, Fs,), ..., 30 (Fp,, Fg,) (Figures 4.1 and 4.2, and Table I), corresponding
to gauges I, . . ., I, and to their symmetrical figures, whose respective distances
x from the center to the free edge of the overlaps are shown in Table 1.

When the tensile load increases from 0 to 3000 daN (ultimate breaking load),
gauges 1 to 30 indicate that there is a linear elastic behaviour, up to the
microcrack initiation thresholds F, (n=1, 2, ..., 30).

3
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FIGURE 4.2 Mechanical behaviour of the loaded end of sheets T, and T,. Variation of the
microstrains, as a function of the gauges’ position, and of the pulling effort.
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TABLE 1
Evaluation, at different abscissas, of the local thresholds, corresponding, respectively, to microcrack
initiation and to flaw propagation

gauge No. 1 2 3 4 5 6 7 8 9 10

X mm 1.5 35 5.5 7 9.76 11.76 13.76 15.76 17.76 19.76
FpdaN 1800 1500 700 500 600 700 800 900 1000 1100
F; daN 2900 2400 1800 800 1600 1700 1900 2000 2100 2200

gauge No. 11 12 23 24 25 26 27 28 29 30

xmm 2176 2376 8020 8120 82.20 8320 84.20 8520 86.20 87.20
F,daN 1200 2300 1900 2000 2100 2200 2300 2200 2200 1800
FodaN 1400 2400  Fg Fq Fr Fy Fx Fe Fq Fr

For Fp,=500daN and x =6.7mm, we observe the initiation of the first
microcracks, which occur inside the joint under the shear stress,>'>!*15 close to
the free ends of T, and T,. When the load increases further, the microcracks
extend gradually towards the free ends of the steel sheets, and more quickly
towards the center of the overlap. Only for F =1700daN (x = 70.5 mm) do they
appear close to the other end (x = 88 mm). Beyond 1700 daN they develop very
slowly to the right and much more quickly to the left. Finally above 1800 daN,
microcracks appear at the end (abscissa x = 87.2 mm), due to the predominance
of the normal stresses of tearing.'®

Figure 5 indicates that when F reaches 2800 daN, the microcracks extend along
the whole joint. Gauge 1 is situated at 1.5 mm from the free end of the steel sheet
T,; our study continues in the area limited by 0 <x < 1.5 mm.

F daN I2 =45 mm
BREAKING FORCE (FR)

3000F |
:RANGE OF FLAWS @x N
|\ PROPAGATTON %/\\ MICROCRACKS 3\

INITIATION &;

+ _\+
mo_ii\ (FG)/\\\\/\/ x\\\;j\}
¥ A
L \N\\\ﬁﬁﬁhreshold of microcrack initiaci:(FD) IE
1000 [ IT\//+ E E

\§ Y» | ELASTIC RANGE

.
500} ¥ Initiation of the first
microcrack, by shear
I
. Free edge : Loaded end

) | [ 1. L | N | Ilmm

10 20 40 44 60 80  e8

FIGURE 5 Analysis of the total mechanical behaviour of the adhesive bonded structure.
Determination of the elastic area, of the area of microcrack initiation in the stable state and of the
area of unstable extension, near total failure.
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Then we shall be able to specify the complex mechanical behaviour of the
specimen in its angular parts.

The grey surface (Figure 5) represents the area in which microcracking
gradually takes place and microcracks develop up to their critical size (see curve
Fg,). From (Fg,), they meet and develop cracks, which propagate more rapidly as
the value of the load approaches the ultimate value (F; = 3000 daN). Therefore,
it turns out that the two ends of the bonded structure do not behave in the same
way under the strain (see Chap. VIII, Fig. VIII. 9 of Reference 1).

In his earlier work,' one of the authors had not presented the detailed work
carried out with the help of the tested metals, especially those related to low
carbon steel, with 0.18% and 0.90% carbon (see Chap. XIII. 4.2, tables XIII.1
and XIII.2 of Reference 1). Indeed, within the limits of that research, it was
necessary to give a global interpretation, in correlation with all the tested
samples. The strain-gauge located at the abscissa x = 25.5 mm, corresponding to
X' =84.5 mm (Figure 1), showed that the first microcracks usually take place in a
shear mode, in the neighbourhood of the ends (for the tested cases).

This work represents an experimental analysis that is very delicate, very
expensive and time consuming to develop, but it enabled us to get closer to the
real behaviour of the tested structure. At the same time, we developed
better-adapted analytic calculations®>”"'>'>?? and numerical (finite element)
methods.>* We also tried to analyze the mechanical behaviour of the joint with
the help of an acoustic method.?* The first results are encouraging and a precise
comparison is being carried out.

The threshold for microcrack initiation, obtained by this method, is confirmed
by the first indication of acoustic activity of the joint using DUNEGAN
detectors®> (Work supported by the French Ministry of Defence under contract
DRET No. 1054).

4 EXPERIMENTAL STUDY OF THE BEVELLED DOUBLE-LAP

The bevels are characterized by their length /, (Figure 2), thus the angle a of the
tapered side is defined by sin a = e,/I, (e,: thickness of the sheets T, and T,, at
their loaded end).

The length varied between the two limit values /, = 4.5 (UBDL, a =90°) and
1,=88.3 mm, which corresponds to the bevelling of the sheets all along the
overlap (/ = 88 mm and tg o = e,/l). The research, in progress, will enable us to
specify the mechanical behaviour of such a joint for angles larger than 90° and for
cores bevelled at their end (the extremity fixed to the loaded side of the sheets T,
and T,). In the present work we are studying the mechanical behaviour of the
bevelled double-lap when the angle « is acute.

Figure 6 and Table II concern the structure described in Figure 2 with the same
overlap length (/ =88 mm), the same adhesive (EPONAL 317), the same
adherend material (XC 18), the same surface state (R, =7 um), and the same
experimental conditions; this joint has the maximum breaking strength (Fg =
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FIGURE 6 Determination of the ultimate failure, for nine values of the bevel length between
4.5 mm and 88 mm.

3500 daN) for the optimal value /,=50mm. Its strength is minimum for
L, =4.5mm (&« =90°, UBDL, F; =2950daN).

The experimental study in the neighbourhood of the ends has only been refined
for the two values [, =4.5mm (a=90°) and /,=10.5mm (in the case of the
chamfer generally done to lessen the highest shear stress near the free side of the
junction-plate). We observe (see Figure 7) that the chamfer generates a very
early initiation of microcracks (Fp =200 daN) but gives such a state of stress to
the end of the joint that the crack extends only very slowly towards the free ends
of the tapered sides T, and T,. At the other extremity, this initiation occurs much
later (Fp = 2000 daN, x = 66 mm) than for the unbevelled double-lap (Figure 5,
a =90°, F, =1700daN, x =70.5 mm). Finally, as a result, there is a significant
increase of the mechanical strength. Indeed, the curve showing the beginning of

TABLE II
Overall view of the main experiments
No. I, Trial No./F;(daN) Average
D.R.B. mm 1 2 3 4 Fo
1 4.5 2900* 2900* 3000* 3000* 2950
2 10.5 3100 3000* 3100 — 3066
3 25 3200 3150 — — 3175
4 40 3250* 3300 — — 3275
5 50 3450 3350 3400* 3400* 3400
6 60 3300 — — — 3300
7 70 3230 3150* — — 3190
8 80 3100 — — — 3100
9 88.3 3000* 3100* 3050 — 3050

* Trials referred to by the symbol (*) correspond to test specimens equipped with electrical
strain gauges.
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FIGURE 7 Analysis of the total mechanical behaviour of the adhesive bonded bevelled structure for
1, =10.5 mm (analogous to Figure 5).

the crack extensions (Fg) indicates that these begin later at total scale, and
develop along most of the length of the overlap.

Generally speaking, the effect of the decrease of « is to emphasize this trend,
up to the optimal value of /, ([, =50 mm, Figure 8).

Thus, the part of the area entitled “Range of Microcracks Initiation,” in
Figures 5, 7, 8 and 9, and located on the side of the free edge of the outer

12= 50mm
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FIGURE 8 Analysis of the total mechanical behaviour of the adhesive bonded bevelled structure for
1, =50 mm. (analogous to Figure 5).
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FIGURE 9 Analysis of the total mechanical behaviour of the adhesive bonded bevelled structure for
1, = 88 mm. (analogous to Figure 5).

adherends, where the microcracks begin early in the case of the UBDL, shrinks
progressively when [, goes up from 4.5 mm (UBDL) to 50 mm. We no longer
observe the same curves F = f(¢g) as those represented in Figure 4.2 (change of
sign of df /de for F;). As a result, the behaviour of the specimen becomes elastic
up to the neighbourhood of rupture (F; = Fg).

The initiation threshold of the first microcracks, for the optimized structure
(I, =50 mm), is situated opposite the free edge of the sheets (F, = 1400 daN,
x=70mm); they appear much later near the vertex of the tapered sides
(Fp =2300daN, x =6 mm). When /,=50mm and for 0 <x <6 mm, our first
observations seem to confirm that the extremity of the bevel adapts to the strains
that probably quickly become significant in those end areas.

Finally, when /, increases beyond the optimal value, the breaking strength of
the model decreases and the first microcracks continue to appear near the free
end of the core A, but occur progressively in the central part at a lower threshold
(Figure 9). As a result, there is a reduction of the strength of the specimen
undergoing shear, by means of a traction force.

5 CLASSICAL THEORY

The classical theory corresponds to the hypothesis of loading in simple traction of
the adherends (Figure 10). It is valid only in the assumption of very thin
adherends. For a simplified calculation, we only consider the case when the bevel
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FIGURE 10 Approximation of the classical theory.

edge extends over the total length of the overlap, that been described by Adams
et al.*

Simplified solution, in the linear domain The relationships used for the
calculation are

y=0for{=0; y=1for{=1 (1)
/T = /Y, =dy/dl @)
O=(&/C+e)y—éa (3)

where the symbols are as given later. In the linear domain, if the singularities are
neglected, we can use a regular expansion for y, e.g. of third order:

y=nl+nt2+y8/3 4)

and we express v in two different ways, on the one hand with (2) and (4), and on
the other hand with the integration of relationship (3). By matching the two
results, we obtain two linear equations between y,, y,, and y,; a third equation
results from condition (1) at { = 1. The expression of the solution y;, y,, and y;
simplifies when «* and S are large with respect to unity, so that the y expression
is:

y=rf-re?+(Q-r+rg (5)

The calculated microstrains ¢, are compared with the experimental values in
Figure 11.

Shear modulus evaluation of the joint Experimental g, values furnish y by the
relationship:

y=¢.-b/e (6)

so that Equation (2) is used to evaluate 7 at the midpoint between two successive
strain gauges. On the other hand, expression (3) of @ is integrated stepwise,
starting from a definite strain gauge location, where 1 is equal, say, to ;
accordingly, the following formula furnishes %, (i.e. ¥ — ), also at the
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FIGURE 11 Comparison of the microstrain profiles, when the bevelling is realized over the total
length of the outer adherends.

mid-points of the intervals:

~ ¢1'—¢2 t h2 q)3_”(1)2 t hl ~
n=tlo +t[——— (-——)+~——(—+—)]}+
(o) { e it iy 3 2) Tt hy 37 2 v D
Now, 7 and ¥ are related by:

=GP + Po)le, (8)

and the least-squares method yields the evaluation of G/e,. The calculation has
been done for F = F;, =1300daN (microcrack initiation). In order to obtain a
meaningful result, it was necessary to discard the two gauges located near the
loaded end of the sheets (at z =81.5mm and 85.5 mm, respectively). Then the
result, G = 2204 MPa, is close to the linear value of 2185 MPa, deduced from the
measurements of E and v on bulk adhesive.

CONCLUSIONS

Our study shows that the mechanical behaviour of a symmetrical double-lap
adhesive structure is very complex. The knowledge of the initiation threshold of
the first microcracks in a composite or bonded sample provides significant
information. The lifetime of the structure depends on its initial properties, and it
is essential to determine very carefully the beginning of the damage under a
simple static load, in order to study its evolution, in the elastic range or in its
neighbourhood, when the load becomes more complex (fatigue, shocks, etc. . .),
and environmental conditions become more severe (pressure, temperature,
humidity, etc. ..). The experimental study, relative to the bevelled double-lap,
enables us to show that there is an optimal value of /,, that gives maximum
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strength to the specimen. It also brings to the fore the mechanism of the initiation
and extension of microcracks in the adhesive joint. Its brittleness is correlated
with the angle « of the bevel. Therefore, this work can be taken as a starting
point, in order to establish a model for the observed phenomena.

Generally, speaking, this type of research can be achieved only if there is very
close collaboration between the experimentalist and the theoretician.

This analysis shows that the classical theory is not exact near the loaded end of
the sheets. In this region, the microstrain profile displays a superficial dilatation,
as for the non-bevelled joint; in the latter case, experimental characterization and
interpretation takes into account the flexure of the outer adherends as, for
example, in the model developed by the authors.”*?®

The present study shows also that the scarfing of the outer adherends can
increase the threshold of microcrack initiation. This fact is probably significant in
fatigue behaviour, where the quality of the joint is paramount. In this respect, the
evaluation method of the shear modulus of the joint yields an estimate that is in
good agreement with the bulk properties of the adhesive.''***

In conclusion, it might be advisable to perfect simultaneously the equations and
the method of solution in order to obtain a better experimental and theoretical fit
between the microstrain profiles along the overlap.

The experimentation and the computation are delicate. They demand long and
tedious researches that require long shared experience. When the results are
found, they may be programmed quickly and easily on a micro-computer.
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SYMBOLS USED

I, = length of the sloping edge, shown in Figure 2, for a bevel angle varying
from 90 degrees to a few degrees
e = thickness of the non-scarfed sheets (at their loaded end)

Er, v = Young modulus and Poisson ratio, of the sheets
E., v4 = Young modulus and Poisson ratio, of the core

E,v = Young modulus and Poisson ratio, of bulk adhesive
£ = strain rate utilized in the tensile test of the materials
d,, = mean diameter of the mineral fillers in the adhesive
l = total length of the overlap

r =e, - Er/(ea- E4)

z or x =longitudinal abscissa, varying from O (free edge of the bevelling) to /
(loaded end of the sheets)
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=l2—x

= abscissa corresponding the reference mark in Figure 1
= traction force

= threshold traction for microcrack initiation

= threshold force for flaw propagation

= traction force for complete fracture

= longitudinal force in each sheet (local value)

= half longitudinal force in the core (local value)

= F/(F/2) dimensionless traction in the sheets

= z/l dimensionless abscissa

= width of the test specimen

= local longitudinal shear stress along the joint

= F/(2l - 1) mean shear stress along the joint

= shear modulus of the adhesive

= ESI/wm; ﬁ2= Eq l/wm

= thickness of the joint

= relative longitudinal displacement between the adherends
= 1,,¢;/G mean value of y along the overlap

= dy/dz derivative of y with respect to z

=F/(2e4,, * E4 - 1)) longitudinal strain in the core at z =0
= Fr/(erErl,) microstrain along the sheets (local value)
= F[/(2e;E - I,) sheets microstrain at z = 1

Yo, 2o = values at some particular strain gauge,

Y
t

=¥ —Yo

= z — z, local abscissa, used in equation (7)

Subscripts 1, 2, 3, in equation (7) index three successive gauges

h

=2,—z; and h, = z; — z, in equation (7)

e4, er = thickness of core, and sheets (local values)
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