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Preface

Designing and manufacturing structures of all kinds in an economic and a
safe way is not possible without doing experimental stress alysis. The
modernity of structures, with their higher reliability demands, as well
as today's more stringent safety.rules and extreme environmental
conditions necessitate the improvement of the measuring technique and the
troduction of new ones. -
.thhough theoretical/mathematical analys1s’f§ improving enormously, an
example of which is the finite element wodel, it cannot replace
experimental analysis and vice versa. Moreover, the mathematical analysis
needs more and more accurate paraméter data which ik furn need improved
experimental investigations. No 6ne can 491311 those investigations on
his own. Exchange of knowledge and experience in experimental stress
analysis is a necessity, a thing acknowledged by every research worker.
Therefore, the objective of the Permament Committee for Stress Analysis
(PCSA) is to promote the organization of conferences with the purpose
dissepjm®Ing new research and new suring techniques as well as
impgovements in existing techniques{sgnd furthermore, to promote the
exchiange of experiences of practicsel applications with techniques.

, This VIIIth International-€cvfiférence on Experimental Stress Analysis on
behalf of the PCSA is one iff a series which started in 1959 at Delft
(NL), and was followed by ggnfgrences at Paris (F), Berlin-W, Cambridge
@K), Udine- (1), Munich (ERGY, and Haifa (Isr.). Such a Conference wiil be
held. &ﬂ/Europe every fourth year, half-way bewte®n ghe TUTAM Congresses.
Qiose co-operation exists between PCSA on the ona hand and the
Gemeinschaft fiir Experimentelle‘SnannungsanalySe (GESA) of the VDI/VDE
Gesellschaft Mess- und Regelungstechmik (FRG) and with the Society of
Experimental Mechanics (SEM) on the other.

In this book the papers have been collected that will be discussed at the
VIIIth Conference ‘on Experimental Stress Analysis.
The topic of the Conference is "Current Developments and Perspectives in
~“Experimental Mechanics". The PCSA expresses its thanks to thé authors who
took the trouble to forward papers comprising their experiences in the
field of experimental mechanics and hopes that these contributions will
fulfill your expectations and help you in solving your stress analysis
problems., Moreover, PCSA expects the Conference to contribute to the
development and deepening of personal contacts between the participants
from all over the world.
It also likes to express its thanks to the Paper Selection Committee
members for their evaluation of the papers presented and for their advice
an4l ort in drafting the programme. Acknowledgement of thanks is also
expi!ssﬁﬁ to the Netherlands Organization for Applied Scientific Research
(TNO) and in particular to the fellow-workers of the TNO Corporate
Communication Department and those of TNO-IWECO; Institute of Mechanical
Engineering. Without their efforts this Conference would not have been
possible.

May 1986
H. Wieringa

Chairman Permanent Committee
for Stress Analysis
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MEASURE AND DESIGN OF STRESSES IN ADHESIVE BONDED TRUSSES : EXTENSOMETRI-
CAL AND LASER-ELASTICIMETRICAL METHODS

*

L. BEN AICHA™, Y. GILIBERT™™, A. RIGOLOT*"

E:N:5.T.A. - L.M.E.

Groupe Composites et Collage

Centre de 1'Yvette, Chemin de Ta Huniére
91120 PALAISEAU

1. INTRODUCTION

Used since the remotest antiquity, the bonded assemblage has been deve-
loped in the technological field since the beginning of the 20th century.

However, the fondamental researches about this way of bonding dates
back to, at the very most, forty years. Coupled with important progresses
in joint design and improved knowledge of bonding processes, the result is
an ever growing variety of adhesive bonded assemblages, depicted for ins-
tance in references [1].

Onie of the aims of this paper is to show with the help of exampies,
that the extensometrical method with electrical gauges is suitable for the
study of the mechanical behaviour of bonded structures.

This method, elaborated by GILIBERT [2] in the years 1971-73, allowed
to validate a finite elements method [5].

In 1977-78, GILIBERT and RIGOLOT have developed an analytical theory
of double lap bonded joints by using the method of matched asymptotic2ex-
pansions (3] [4] ; since then, the comparison between measurements and
computations allowed conclusive progress with regard to this complex do-
main of solid mechanics.

In 1985, with the collaboration of FERRE (6], BEN AICHA and GILIBERT
used a laser-photoelastitimetry method to measure the stresses in double
lap bonded joints with the aim of confirming theoretical results.

2. PREPARATION OF THE SURFACE AND MEASUREMENT OF THE GEOMETRY
2.1. Properties of the Adherends

A Tow carbon steeT [D.18 % carbon ; XC 18 French standard equivalent
to SAE-AISI 1017) was used for the adherends of the specimens studied. The
properties of the steel were controlled using mechanical measurements and
microscopic observations. The Young's modulus (E. = 207 700 MPa) and the
Poisson's ratio were determined usigg tﬁnsiOn test with strain gauges at
a very low strain rate (e about 107° s-l) on steel specimens with 100 mm2
square cross section and 250 mm length. The Brinnell hardness (HB = 210)
test showed the uniform quality of the material, whereas microscopic ob-
servations indicated a ferritic microstructure.

*Thésard ENSTA/LME/GCC

**Chef du Groupe Composites et Collage, Maitre de Conférences,
Docteur &s Sciences

***Conseiller Scientifique du G.C.C., Professeur des Universités & Reims

Wieringa, H (ed), Experimental Stress Analysis. ISBN 90-247-3346-4.
© 1986. Martinus Nijhoff Publishers, Dordrecht. Printed in The Netherlands.
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2.2. Preparation of the Rough Adhérends, Finishing and Blasting .
A shaping machine with a traversing tool was used in the preparation
of the rough adherends. L
This was followed by milling and after which a grinding was effected
with a horizontal surface grinding machine under different‘condition§ :
..coarse or fine grain grinding wheels. For all these operations, machining
conditions (speed, féed, depth of cut, lubrication, sharpening of the
tools) were strictly controlled and are-described in Reference 2,Chapter 4
The finishing procedure for some of the specimens was completed with
sand blasting under four conditions using different p;gtic]e diameters

(115,\169, 282 and 423 um) or with shot blasting. The particles with a
115 um «jameter were made of high purity white aluming (A1,03599,5 %),
whereas the particles with diameters of 423, 282 and 169 um were of brown
corundum, i.e. less pure alumina (composition : A1,03»94 % ; Ti0,<2.5 % ;
.$i0,<.5 %). The blasting pressure .used was~0.4 to 0.5 MPa. The sand jet
was inc]]ned at 60° from the specimen surface and displaced at.a speed of
™ 24 mm s-l. The shot blasting was conducted with n shots I mm in diame-

RF - fine ground state ; RFS - fine ground sang Nasted state ;
RG ™ coawse ground state ; RGS - coarse~ground says lasted state ;
\, " RGG - coarse ground shot blasted|state.
The numbers foqugjngg FS and RGS designate tke par ic{e\mssh size.

\\\ ter. . N j .
\ In this paper, the VSFQous surface states are deiiﬁ:;ted as follows :

2.37 Measurement of the face Roughness Paraééteﬁs ‘ N\
The surface. profiles weNe determined usin ._probés wit an\§§r bearing
of 25 um and 750 um travel distances. The spgc‘mens used had the\same sec-
. tian as the adhmrends and were machine%\and é;}tpdi t the\same t
“the 's@me conditions. The surface profiles were measured, befgcs and\after
tb1as§§hgd along_reference paths, the-ends of which are marked\with twd

notches rbapaining after blasting. - N\
Data.were recorded and processed By a computer to dete)?' e the various
parameters of\the surface defects descyibing the total profsl roughness

B. Scheffer of RENAULT (FRANCE). N .
We observed*that\the surface roughnesy parameters alter very quickly
during the first few-seconds of blastin d do not change after a While.
We'selected a time lapse of 30 seconds which ensured a stable state o
these parameters. <\ 3 S .
. Measunements\showga\; - tRe surface roughness parameters are not de-
“pendent on-the diyection of\mesurement for blasted states, whereas con-
ditfon as ground showed Some\anisotropy.
‘Reference 2, chapiter IV, table IV.1 presen va{aéﬁagf the surface
roughness parameters for the varidys surface stat®w stu ied. These are
.the total depth of roughness, t_ 5 the average deptM\of roughness, R ;
the maxipum depth of roughness) Rypax ¢ the roughness elling depth, R_ ;
the arithgetical mean deviation from mean line of roughnass, Ry 3 and P
average spycing of roughness, Ag.. .
From the 'Qggta, it can. be see? that' the surface roughness parameters
yted states depend on|both the initgal grinding Ynd the mean
diameter of theypardicles used.for blasting. For.all syrface pkeparatioﬁg,
- the maximum depth o ‘?oughnesg\kmgf s very close to the total depth Ry, %\
\ which indicates that surfaces hav \no‘thrrant"Qefécts of roughneys ana \\
. are consequently fairlyrﬁbgggeneous ; for.the fine ggg::d state, the rough -
s

.and waviness. e calculations were doje using a method devéibp d by

S

ness parameters increase dily with thé\Particle
AN N

.

meter whereas fgr



the coarse ground state these increase notably only for a diameter supe-
rior to 200 um. , i
Other surface defect parameters were computed but proved of little impor-
tance as far as the mechanical properties of the joints are concerned. Ho-
wever, they confirméd that the prepared surf+ces had well defined and re-
producible ZarameterST\_« '
|

2.4, Properties of the adhesive '
We used the commercial adhesive, Eponal 317,!of Sonal, France, which is
a two component system (an epoxy resin contaipning mineral fillers and a
hardening 'agent). It was processed at room temperature ; at such tempera-
ture, about 20 minutes are available for use and polymerization rate rea-
ches *90 % within 2 hours.
We determined its mecHanical, physical, structural and chemical properties
The elastic constants were measured at room temperature (20°C) using two
methods. Ténzi]e test using strain gauges and a very slow loading rate
(¢ about 10~ 5'1) showed an elastic brittle behavior. Using traction test
the Young's modulus was found to be 5800 MPa, the Poisson's ratio was
0.327 and the strength was 30 MPa ; whereas ultrasonic measurements gave
5940 MPa for the Young's modulus and 0.323 for the Poisson's ratio. The
measured density was 1.433 kg dm-3.

3. DESIGN AND MANUFACTURE OF THE TEST-SPECIMENS-LOADING CONDITIONS
We used specimens wjth two double-lap joints. One of these double-lap
Jjoints was used for strzin measurements. The other joint, which was tigh-
tened transversely by a binding clip, ensured axial and uniform load in
the adherends, while the clip eliminated any local bending. The extremities
of the test-specimen were fixed on a universal testing machine by knee
joints. In fact, this design of the specimen ensured symmetrical fractures
in the tested part, and the clip decreased considerably the statistica
deviation in the measurements, as shown in Reference 2, Chapter 2. Figure 1
shows a schematic view of the specimen. . -
The pacts (10 mm x 4.5 mm cross-section for ﬁarts 2' ;3 10 mm cross-section
for parts 1') were produced at a + 0.01 mm tolerance. The length of the
overlap in the tested part of the specimen was 88-mm. A thickness of 0.5 mm
was selected for the adhesive joint and controlled by gauged spacers. Pre-
Timinary tests, described in Reference 2, Chapter 11, showed that this
thickness gives the best mechanical behavior for these dimensions of the
$ﬁtal11: parts and this.length of the joint. : .

e test-specimens were loaded in tension at a slow r |
at room tngfrature (20°C). ate (1000 N per minute)

4. PRINCIPLENOF THE MECHANICAL MEASUREMENTS ’ :

Since mechanical quantities inside the joint cannot be obtained directly,

we used electric strain-gauges placed at different points on external sur-
facqs of the metallic adherends. Figure 1 shows the position of the gauges ;
_their d1stancg§gfrom the middle of the joint are as follows : )

AY

T gauge 1 : -+ mm

-'gauge 2 : - 18,5 mm

- gauge 3 : 0

- gauge 4 : + 18.5 mm

- gauge 5 : + 37 mm
" The positioning of the gauges is\described in detail in Reference 2,

(Chapter 5).

v
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A sensitive and precise (+ 0.25 %) bridge (VE 20 Micromeasurement) was

used.
Figure 2 shows typical strain gauge recordings for a ground sans blasted

state. Other recordings are given in Reference 2.' . .
Principle of the mechanical Measurements is described by references 2and7

positions of the strain gauges
12 3 4 5 6

N 18y ) [
T V3

F E z F
! 77 - 5

|
g | W L8 [

| tested ‘part

Figure 1. Schematic view of the test-specimen (dimensions in mm). A view
of the cross-section is superimposed between gauges 1 and 2. 1' and 2'
adherends ; 3' : binding clip.

Visual and microscopic observations of the fractured specimens have con-
firmed that in the central part of the joint a progressive shear fracture
occurs inside the adhesive ; at the ends of the joint one can see either
a shear fracture inside the adhesive or an adheslve failure between the
adhesive and the metallic adherend along the uppev v lower face, induced
during the final phase of the fracture.

These facts differentiate the ground sand blasted state from the ground
state, which showed predominantly metal-resin adhesive fractures.

The various stages for the ground sand blasted states, (1) elastic beha-
vior, (i1) initiation of micro-cracks, (iii) coalescence of the micro-
cracks, (iv) stable propagation of the cracks, and finally, (v) unstable
propagation up to final fracture, proved to be absolutely reproducible
(Reference 2, Chapter 8). '

These experimental results can be partly explained by the various theore-
tical analyses [3, 4, 81, which have analyzed stress fields in adhesive
Joints. However, these theoretical analyses, which are based on continuum
mechanics and use idealization of interfaces, cannot explain the signifi-
cant differences observed using the above measurement procedure, and are
presented below.
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Figure 2. Strain versus tensile load for a ground sans blasted state
(outputs of gauges 1-4). Non-linearity occurs over point DZ'

5. EFFECTS OF ROUGHNESS ON MECHANICAL RESULTS

Here are presented the effects of roughness on the three typ1ca1 mechanical
parameters : elastic limit (crack initiation threshold), crack propagation
threshold, and ultimate strength.

We found that roughness can be adequately represented by using the total
depth of roughness R -
We observed a very sﬁa]] scattering in the measured values, which gives
proof of the importance of our careful and well-defined process in prepa-
ration and testing. Deviation in the results is generally higher for the
propagation threshold and the ultimate strength than for the elastic limit.
Further, deviation in the ultimate strength is higher for non-blasted sur-
faces than for biasted surfaces (Reference , Chapter 8). Typical values,
corresponding to the results presented in Figure 3, are (i) 0.25 kN for the
crack initiation threshold (about 12 kN), (ii) 0.5 kN for the crack propa-
gation threshold (about 24 kN), and (iji) 0.5 kN for the ultimate strength
(about 30 kN).

For the sand blasted states, we found that the mechanical parameters were
influenced by the initial grinding and the roughness, which is related to
the sand particle size.

The fine grinding is equivalent or better than the coarse grinding for the
three mechanical parameters ; it gave better values for the elastic limit
with .all diameters.

For both types of grinding, we observed that the strain measurements given
by the gauges at the external surface of the adherends were significantly
smaller (for any position) and more uniform along the specimen, when the
surfaces were prepared using particles with a qlgmeter of 169 um. Further-



more. this preparation shows the best values for the three mechanical pa-
rameters. '

4rF kN
30t
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25}
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Figure 3. Mechanical parameters versus the total depth of roughness : from
the bottom, (i) crack initiation threshold, (i1) crack propagation. thres-
hold, and (iii) ultimate strength. For fine grinding without blasting (RF)
the values are in accordance with the extrapolation (with respect to the
roughness) of those obtained for fine grinding with blasting (RFS).

Figure 3 summarize the results. A¥most all of the plotted points represent
the mean value of four tests. In Reference 2, Chapter 9, one can find the
curves repregggting F versus the other roughness parameters, Ra>» Rp, R
they have the ‘same behavior as the curves in Figure 6.

Figure 3 shows that for fine grinding, with or without blasting, the three
mechanical parameters reach a maximum value when the total depth of rough-
ness equals 5.6 um. It seems possible to associate this property with the
fact that the total depth of roughness is approximately the size of the
fillers in the resin.

No precise trends can be found in the case of coarse grinding.

6. COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS

For an optimal state (e, = 0,5 mm), we see on figure 4 a good correlation

in the elastic domain bgtween theoretical results [3] [4] [8) and experi-

mental meagures. Some difference appears in the neighbourhood of the free
end of the upper adherend : it was impossible to introduce in computations
the effects of the angular singularities in these regions.
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Figure 4. Longitudinal deformations Figure 5. Principal stresses in
versus distance of the measurement. adherends T, and T, at abscissa
Localization from the free ends of X; = 10,5 mm versus the thickness
the adherends (T, and T,, figure 5) coordinate X,.

7. STRESS MEASUREMENTS BY A LASER PHOTOELASTICIMETRICAL METHOD

The truss is made in the same way that the one depicted in Figure 1, whose
adherends in polycarbonate (PSM-1) are joined by PCl adhesive (Vishay
Micro-mesures, Young's modulus : EPSM 17 2400 MPa ; EPCl = 3150 MPa.

POISSON's ratio : vpgy.1 = 0-38 5 vpep = 036 3 Figure 5.) .

Principal stresses, measured by an automatic laser-photoelasticimeter, are
presented in Figure 6. It's to be noted that the shape of the curve in fi-
gure 6 is similar to the experimental one depicted in figure 4.,especially
in the neighbourhood of the free edge of the adherend.



