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The aim of the present work is to design a simple torsion fixture for bonded joints that is
adaptable to conventional testing machines and at the same time gives reliable results.
This is achieved by transforming a traction or compression movement of a conventional
machine to a torsion one on the bonded joints. In the present study, a full description of
the mechanism of transferring a compression/traction movement to a pure torsion is
explained, and the validation approach is outlined. Finally, experiments on bonded joints
are performed and compared to step lap shear test. The results showed that the proposed
torsion apparatus is very promising in measuring the strength of bonded joints. © 7999
Kluwer Academic Publishers

1. Introduction tension. In this type of loading, the forces act in the
When measuring the shear strength of bonded jointlane of the adhesive layer. The single lap joints are
two fundamental requirements are needed, the simplidhe most commonly used adhesive joints and have been
ity of testing and reliability of the results. However, the best studied so far. A review of the published liter-
these requirements seem to be irreconcilable in bondegture related to the analysis of bonded joints suggests
structures. The shear strengths measured using standahét there are three widely accepted methods for pre-
methods such as lap shear specimens give rise to nodicting the strength: closed form solutions [3], finite
uniform shear stresses that affect the reliability of theelement method (FEM) [4, 5] and linear elastic frac-
results, but can be performed easily using conventionaure mechanics (LEFM) concept [6, 7]. More recently,
standard testing machines. On the other hand, measus-new approach based on an interface corner stress in-
ing the torsion shear strength requires particular testingensity factor has been investigated within the context
apparatus, which is not available for all laboratories. Inof elasticity theory [8]. The precise analysis of simple
the following a brief review on adhesively bonded joint lap is very complex. First, because the stress distribu-
testing is given in order to appreciate the relevance ofion along the overlap length and through the thickness
torsion testing of these joints. is non uniform [4, 9-16]. In addition there are interac-

The mechanical performance of adhesives is usuallyions between each of the three potential failure modes:
determined on bulk specimens or adhesively bondeddherend yielding, adhesive peel, and adhesive shear.
joints, or both. Testing of bulk adhesives is easier tharConsequently, the joint strength reliability is affected.
testing films because much larger deformations can bAnother factor affecting the simple lap joint strength is
attained, and are much easier to measure. On the othtire existence of a bending moment arising from the two
hand, mechanical testing of adhesive bonded construgton collinear forces, in addition to the in plane tension.
tions is the most straightforward method to measure th& he use of step lap joint is an alternative test method of
strength of a joint. In the design and strength analysighe single lap joint, in which the undesirable bending
of bonded joints, the major requirements are the elastieffect is avoided. However, the stress distributions are
shear and tensile moduli. Also necessary are Poissonamost unchanged [17, 18].
ratio, ultimate shear strain, and ultimate shear stress. Interms of load transfer between two members, dou-
The difficulties in achieving reliable results on adhe-ble lap joints are probably the most desirable joints.
sive bonded joints is related to many factors, the most he loads in the adherend parts can be in tension, com-
important being: specimens configuration, strain meapression, or in plane shear. However, there is a further
surements, stress state to which the bondline is suldifficulty of making two uniform bondlines of the same
jected and thickness of the bondline [1, 2]. thickness [19].

There are four basic types of loading an adhesive Peeling tests are the most selective for measuring
joint: tensile, shear, peel and cleavage. Tensile shedhe surface treatment quality differences. Uniformity
strength is most widely adopted as a measure of thef peel strength values for a given adhesive in contrast
ultimate shear strength of an adhesive bond loaded ito lap shear strength made the peel test attractive to
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measure the properties of adhesive bonded joints. Ve Lever arm  ps2 P2
ious forms of peel tests are used to assess the perfi

mance of structural adhesives. In fact, this form of tes<
deliberately stresses the adhesive in a very small regic

subjecting it to a large tensile stress, although a con

plex stress situation is usually present. This situation i

not easily assessed, and peel is normally used to col

pare adhesives rather than to measure their properti )
[18, 20]. Pin centering

Cleavage strength is very rarely quoted in referenc
works. In this type of test severe localized loading oc a)
curs on one side of the joint, while the other side is
merely loaded. This type of test is usually performed t(
investigate the ability of the bonded joint to withstanc
further processing after assembly [21]. Axisymmetric
joints also with square or rectangular adherends, a
widely used specimens for testing the response of a
hesives to shear, tensile and compressive stresses. E
joints or napkin ring, as specified by ASTM E229, car
provide an apparently convenient means for determir
ing the mechanical properties of structural adhesive
The test is used to measure the moduli of rigidity, elas
ticity and Poisson’s ratio [22]. The advantage of using
butt joints is that the adhesive is tested in the thin filrr
form as used in most joints, thus overcoming any pos
sible objection to bulk specimen. Although the stres
distribution is simple, end effects are once again a prol
lem. As stated by Adams and Wake [4], “if joints are to
be loaded to failure and if the failure stress is to mea
anything, then it must be true stress and not a convenie
but misleading approximation.”

It should be mentioned also that in practice, mos
structural adhesives exhibit considerable plastic defo
mation when subjected to shear stress, and it is qui
probable that the presence of a spew fillet will yield
without causing premature failure of the joint when Figure 1 Diagram showing the mechanism of the proposed torsion fix-
loaded in torsion and this would lead to an overestimature.
tion of the shear modulus of the adhesive [23, 24].

Finally, one should mention the torsion shear fixturetyre of the proposed torsion apparatus in this paper is its

needed to investigate the mechanical properties of adsimplicity, moderate cost and adaptability to universal
hesive bonded joints. Historically, the torsion apparatusesting machines.

has been developed by Boss¢al.in 1968 [22]. Other
designs have been also proposed in ASTM known as
ASTM E229 [25]. The torsion shear apparatus is de2. Proposal of a torsion fixture
signed to ensure that no bending or cleavage loads afeig. 1 shows the mechanism of the proposed torsion
imposed on the napkin ring specimens that must béixture. This fixture is designed to be fitted to any uni-
subjected to a pure shear. axial testing machine with the aid of some clamping
The reason that, the shear testing of adhesive bondettcessories (Fig. 2). The mechanism to create a torsion
jointis mainly performed under tension or compressionoading on a bulk specimen or a bonded joint is based
loading of either single or step lap joints is due to theon the torque generated by two lever arms in a cross
fact that this approach meets the requirement of easeonfiguration moving in opposite rotational directions.
of testing. However, the reliability of the tests is ques-The rotation of the lever arms is provided by the axial
tionable because of the non-uniform stress distributiordisplacement of the cross-head of the uniaxial testing
which affect the shear strength of the bonded joints. Inmachine. In order to easily describe the operation of
deed, non-uniform stress distribution create stress corthe proposed fixture, let take the specimen configura-
centration that are not taken into account when estition shown in Fig. 3 and consider the measurement
mating the shear strength from these tests. On the otheff its shear stress-shear strain response. The specimen
hand, the torsion testing method is known to involveis inserted between the two lever arms through cross
less stress concentration and consequently, is consigrooves and a centering pin as shown in Fig. 1a. To ac-
ered to be more reliable as resported in [22]. Howevercomplish a perfect rotation movement, the lever arms
the difficulties associated to the torsion testing methodare laid on needle bearings hold by lower and upper
has prevented its widespread popularity. The main feashafts (Fig. 2). The shafts came with a lower and upper
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Figure 2 Upper steel frame diagram.

steel frames that can be connected to an uniaxial testingure torsion and avoid bending and cleavage, the axial
machine. Moreover, clamping accessories are designddrce,F,, should be negligible. Since the needle bearing
to hold the upper and lower frames aligned and at thés free to displace on the steel shaft and free to rotate,
sametime keep the frames from rotation during loadingthis requirement is satisfied, therefore, we can write the
In Fig. 1b a detailed mechanism of equilibrium forcesfollowing:

acting on the system is shown. The force applied by

the uniaxial machine is transferred to the needle bear- R>»F=u1xkl 2)
Ic:nognscs?r‘()ee\?:‘fr?: : Sy the steel shafts and give rise to W&he determination of the torsion moment is easily ob-
u ' tained from the diagram forces acting on the lever arm
R — P/2cos) of the torsion apparatus shown in Fig. 1b. The half dis-
= P/2co 1) tance of the lever arm is represented by the segment BC
Fa = u(P/2sing) and is given by:
ch
wherep is the coefficient of friction,P/2 is the half BC = (cos@) + (d2 - tgh) 3

force applied by the machine amdis the angle be-
tween the segment BC and the horizontal. To ensur&ince the length decreases during the experiment, the

Figure 3 A photograph showing the strain gages mounted on the validation specimen also shofailudbdirection.
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angled then should be expressed by the following:  results reliability. The validation procedure is intended
to verify if the proposed torsion fixture induces extra-

neous stresses other than pure torsion. Probably, the
0= arctg(d—l> (4)  pest validation approach is to compare results from the

proposed fixture to those obtained on proven standard
L =d—(d/2) (5)  equipment such as that proposed by Bossler or ASTM

E229 [22, 25]. Unfortunately, such equipment is not
whered is the displacement of the head of the machineavailable and an alternative validation approach is pro-
Hence, the torsion momeM induced by the two lever posed. First as shown in Fig. 3, a specimen configu-

arms is expressed by: ration with appropriately mounted strain gages capa-
ble of detecting the principal strain components during
M =4R.BC (6) loading is proposed. This permits the measurement of

axial, transverse and shear strains. The magnitude of

Therefore, the maximum shear stress, acting on the extbese strains components will show to what extent ex-
treme edge radii of the validation specimen shown infraneous stresses, other than torsion, are present. From

Fig. 3 is obtained from the following relationship: the same test, the shear moduByscan be determined.
Secondly, independent standard tensile tests will be per-
Mro Mro formed on the same material. Strain gages for the ten-
Tromax= —3= = 2(d—18)/2 () sile tests will be used in order to determine the shear
|

modulus of the material using the Timoshenko formula
Gt =(E/2(1+ v)). If the proposed torsion test is reli-
able,Ga andG+ should be comparable.

The specimens used to validate the proposed torsion

pparatus were casted in a steel mold laboratory made
o fit the lever arms in a cross shape form (Fig. 1). The
material used is a general purpose thermoset vinylester
Tro resin, the same one used for the standard tensile spec-
G=— (8) imens. To avoid subjection of the validation specimen

Yie to any stress concentration especially at the extreme

edges, itwas decided to reinforce this part with chopped
fibers (Fig. 3). As stated earlier, to accomplish the val-
rj.|dation two types of strain gages are used. First, strain
age rosettes (p90°) are bonded onto the validation

wherer, is the outer radius of the necked region of the
validation specimerr; is the inner radius and is the
polar inertia moment.

The shear modulus is then given by Equation 8 an
is determined by the secant modulus method.

yro IS measured by the strain gages response.

It should be noticed that the condition of thin walled
torsion specimen are not encountered for the validatio
specimen. However, this will be the case for bonded”

jointin Section 5. In other terms, if extraneous stresse iigimetn glong thy a?td z d|rect|:)ns. Indatddmon
are to be induced in the torsion region, they would be ) strain gage rosettes were also used to measure

amplified in the validation specimen compared to thethe shear strain in the main direction of the specimen

napking ring joints in which this fixture is intended. (2). In all the experiments, three specimens were tested

Experimental tests with the proposed torsion fixture™© detect the bending in theplane and other three o

were performed using a cross head speed of 5 mm/mirﬁj.eteCt the bending in thez plane.
Actually, itis more relevant to consider the angular spe-

ed rather than the cross head speed. To achieve this ob-

jective, the following expression has been establishe@ 5 Results and discussion

on the basis of kinematic relationships. Fig. 4 shows a finite element computation of a typical
validation specimen. It is clearly seen that any applied
_ V- cosh force P on the lever arm induces a stress concentra-

w=—— C)] . . ) ;

d tion on the necked region of the specimen. Mechani-

cal tests performed on specimens show that all speci-
wherew is the rotational speed aiv, is the cross head  mens present a typical torsion failure at & dffection
speed of the machine. (Fig. 3).

The recommended time to failure of the napkin ring  The results of the torsion test are shown in Figs 5
specimens given by ASTM E 229 should be betweemnd 6. Both figures illustrate the extraneous strains in
2 and 5 min. In the present study, the rotational speestz andyz planes. Since only the elastic domain is of
was almost constant during the 4 min of the test experinterest, the shear strains greater than 1% were not taken
iment (0.047 rad/min at the start of the experiment tointo consideration. Table | summarizes the results of
0.055 rad/min at the failure of the specimen). both the torsion and tensile results.

It can be seen from the Figs 5 and 6 that the axial
and transverse strains measured upstoof 1% are
3. Experimental validation of the proposed negligible. This represent, in the extreme case, 3% of
torsion fixture the shear strain in thez plane and 4% in thgz plane
Even though the preceeding analsis predicts a quasiespectively. A careful analysis of the experiment shows
pure torsion loading, extraneous stress components cdhat most of the contribution to the experimental error
be generated by the loading mechanism and inflect theame from the instabilities in the Wheatstone bridge.
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TABLE | Results of the torsion and tensile tests

Ultimate strength Tensile modulus Poisson’s Shear modulus
Tests 9 (MPa) oroy; (MPa) E (GPa) ratiov Gt or Ga (MPa)
Torsion test 3D+81 — — 958+ 39
Tensile test 45+6.7 29+0.2 0.40+0.02 1059+ 60

N
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Figure 4 Finite element model of the validation specimen.
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Figure 5 Axial, transverse and shear strains as a function of time (bend+igure 6 Axial, transverse and shear stains as a function oftime (bending
ing in thexzplane). in theyzplane).

Onthe other hand, the lower and upper frame alignment It is shown from the Figs 7 and 8 that the vinylester
can be improved so that the extraneous stress effects aierelatively a brittle material and has a relatively linear
no more exit or at least very negligible. The specimerbehavior up to the nominal axial strain of 1%. Vis-
porosity observed during preparation may also interfere&oelastic behavior was more evident at higher strains
in the scattering shown in the results. approaching the limit of failure.
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06 case of the validation specimens would vanish al-
i most completely for the type of napkin ring specimens

mainly due the small region of the adhesive thickness

and the larger aspect ratio of the ring. Moreover, a mi-

[ nor modification is done on the lever arms which are

0sl brought to a round shaped form to minimize the contact
I and thus minimizing the bending stresses.

03 -
I 3.6. Application to the case of bonded joints
3.6.1. Materials
The materials used in the present study are an epoxy
i resin of a chemically pure bisphenol A diglycidyl
o1 b ether (DGEBA) (DER 331) from Dow chemicals, a

i polyamide resin (V125) from Henkel Co. as an amine
i hardener and a tertiary amine (2,4,6-diphenyl amine)
T Epi-cure 3253 from Shell chemicals as a catalyst. Two
00020 08 b0 2 types of fillers are used, silane treated glass beads
CP3003 with a diameter less than g, and ceramic
Figure 7 Transverse strain vs. axial strain curve. filler (pure alumina powder) with a diameter less than

100um. Also are used aluminum T6061-T6 plates and
napkin ring as adherents.

The shear modulus obtained in both experiments
showed a good agreement, the average values thus ok- . .
tained of 1059 MPa for the tensile test and 958 MPa for>:6-2- Specimens preparation _
the torsion test are of the same magnitude. A relatively! '€ surface treatment of the aluminum plates is per-
small error of 9% mainly caused by the non recorded©'med according to a recommended ASTM D2651
friction loses of the forces arising in the needle bearing®rocedure (hot etching mixture of dichromate-sulfuric
and the accessory block alignments is quite acceptabl@Cid: referred as FPL etch). In performing the surface
Equally, the undesirable bending effects, even as smalreatmem' care should be made in order to obtain uni-
asrecorded may contribute to this difference. Although0"M results. It was reported that variation of the sur-
the small values of the standard deviation for the torsiof@Ce treatment parameters has a drastic effect on shear
experiments show a consistency in the obtained result?.nd. peel strength properties [26]. The adhe:_;lve com-

As a summary, the results obtained in the both tenPOSItes are prepared by mixing the epoxy resin, curing
sile and torsion experiments on the validation speci?9€nt catalyst and fillers. The mixture is stirred com-
mens are in agreement. The fact that a small variatioR!€t€ly and placed into the plates to be joined. It has to
of 9% difference in shear modulus is found betweenP® mentioned that because of the high viscosity of the
both experimental tests suggests that the propose"i’ndhes've_s’ no air bubble removal is undertaken. The ad-
torsion apparatus is very promising. It is obvious thathesive thickness between the two plates of the step lap

the small extraneous bending stresses recorded in €& samples was 0.2 mm and this is done by placing
a thin shim of steel at both ends of the plate as shown

in Fig. 9. To prevent any excess epoxy adhesive from
30 sticking on the edges of the specimen (spew fillet), a

02

Transverse Strain €T (%)

Axial strain, £ a (%)

3 mm free space is coated with grease and removed be-
i fore curing takes place. On the other hand, napkin ring
5[ specimens as shown in Fig. 10 are also joined with the
! same mixtures under the same conditions.
_ 2f
s T e
% 15r 28.5 1 2 3 4 5
o [
I T
F oot
[ Spacer placement
5 :
0 L PR SR S I S AT TN S AN TN SN SN T N TN SN TN TN N SN TN S N NN TN Y TN 1
0.0 0.2 0.4 0.6 0.8 1.0 12 L
Axial strain, € a (%) —'64 ‘—
Figure 8 Tensile stress vs. strain curve. Figure 9 Step lap specimens (All dimension are in mm).
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Shear strength (MPa)
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Figure 11 Shear of strength as function of filler content in the case of
Figure 10 Napking ring specimen (All dimension are in mm). ACP.

3.6.3. Shear test procedures similar trends as in Fig. 12. Their results show that an
Step lap shear specimens inspired by ASTM D1002 ar@lmost 50% higher shear stress is required at the inter-
hold to grips of an universal testing machine MTS 810face for bond failure under torsion, than under uniaxial
coupled to a data acquisition system. A 1.3 mm/minload. It should be noticed that reference [28] deals with
cross head speed is set for all the experiments. At leahe torsion of tubular adhesively bonded joints instead
five specimens were tested for reproducibility. Simi-of annular joint of Fig. 12. The two tests are different
larly, napkin ring samples are also testéd 8 mm/min ~ since they do not involve the same stress state. Actu-
cross head speed with the proposed laboratory torsiodlly, the proposed torsion fixture can perform the kind
fixture. It should be noted that the above analysis oPf tests mentionned in [28].

Section 3.3 is also valid in the case of bonded joint. Additional evidence of the reliability of the torsion
Furthermore, the shear strajfy can be expressed as measurements made with the proposed torsion fixture

follow: is given by comparing the relative modulus_(G)),
whereG is the shear modulus and the subscripts c and a
Veo = rdo (10) represent filled adhesive and matrix respectively; mea-
2e sured on the napking ring specimen and the relative

wheredd is the angular displacement of the two ad- modulus measured on the bulk materials by DMA. The

herent surfaces is the adhesive thicknessjs radial
distance to the center line of the joint. 2

O

Torsion shear test

Step lap shear test
3.7. Bonded joint results and discussion

A more detailed analysis of the effect of filler content
on the mechanical properties of adhesive bonded joint
is given in the second part of this research work [27].
Concisely, this part of work is intended to verify the
reliability of the proposed torsion apparatus. Figs 11
and 12 compare the two types of experiments on sam g
ples of various filler type and filler content. It is shown x
from these figures that the general trend of the sheas
strength in both experiments increases with filler con-
tent, reaches a maximum and then starts to decreas !°
It is clear that the shear strength measured with the
proposed torsion shear fixture is higher than that mea
sured with the conventional step lap specimen. It is
well known that step lap joints produce underestimatec 5 ——— . 1‘5 ‘ 2‘0 ‘ 2‘5 EEve 3‘5 a0
joint strengths [10]. This is confirmed by the results

of Figs 11 and 12 which at the same time confirms
the reliability of the proposed torsion fixture. It should Figure 12 Shear strength as function of filler content in the case of glass
be noted that Nayeb-Hashegtial.[28] have reported beads.

ngth (MPa)

w
1

(=
w

Glass beads filler content (vol.%)
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Figure 13 Relative modulus as function of filler content in the case of F'9ure 15 Torsion shear stress versus shear strain (comparison between
ACP. bulk adhesive and bonded joint).

results are shown in Figs 13 and 14. Even though, nd. Conclusion
extensometers were used to measure with accuracy tis a summary, numerous mechanical testing methods
shear strain of the adhesive bonded joints, a good agrebave been designed to evaluate specific mechanical
ment between both results is found. If the fracture hagroperties of adhesive bonded joint. The aim of the
to occur in the adhesive i.e., 100% cohesive failure, thgresent study was to design a simple torsion fixture for
strength of the joint can be predicted easily. However, ifoonded joints that is adaptable to conventional testing
this is not the case, a comparison of the shear strengtiachines and at the same time gives reliable results. Itis
of both bulk adhesive and bonded joint (Fig. 15), it convincing from the results of the validation work that
is clearly seen that the fracture occurred earlier in théhe proposed torsion apparatus is quite acceptable for
bonded joint, resulting in lower strength. Whereas, ameasuring the shear properties of bonded joints. Taking
good agreement of the shear modulus is observed béato consideration the small inconveniences encoun-
tween both results. Moreover the torsion shear resulttéered during the experimental work, it is recommended
showed that the epoxy based adhesives as illustratgd improve the block alignment for ease of testing. Re-
in Figs 16 and 17 are relatively brittle materials. Theygardless of the above mentioned statements, it is shown
showed a relatively linear behavior up to fracture. that the torsion shear strength results are more reliable
than those obtained by the standard lap shear test. The

4.0
20
35k Glass beads 4 [ 4 3
®  Torsion shear exp. on bonded joints
—— DMA exp. on bulk adhesive. 2
30 F . 5
15
25 i

Relative modulus (G'¢/G'1)
Shear stress (MPa)

DUnfilled adhesive
2}5 % alumina filler
05 7 3)10 % alumina filler
415 % alumina filler
5)20 % alumina filler
0.0 . I . I . I . L 6)30 % alumina filler
0 10 20 30 40 0 . . . . 1 . . . \ 1

Filler content (vol.%) 0.00 0.01 0.02 0.03
Shear strain (%)

Figure 14 Relative modulus as function of filler content in the case of
glass beads. Figure 16 Torsion shear stress vs. shear strain in the case of ACP.
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HART-SMITH, Technical report, NASA CR1122 36,
Langley Research Center, Hampton Virginia, January 1973.

R. D. ADAMS andwW. C. WAKE, “Structural Adhesive Joint
in Engineering” (Elsevier Applied Science, London and NY, 1984)
p. 14.

.J. N. REDDY andS. ROY, in “Adhesive Bonding,” edited by

L. H. Lee (Plenum Press, NY, 1991) p. 359.

LIECHTI, “Engineered Materials Handbook,” Vol. 3
(ASM Int., 1990) p. 335.

DE VRIES, Int. J. Fract. 39
(1989) 191.

. E. D. REEDY, JR.,Int. J. Sol. Struc30(6) (1993) 767.
. 0. VOLKERSEN, Construction Mtalique4 (1965) 3.
10.
11.
12.

J. M. GIRAUD, Matériaux et Technique 980) 255.

M. HALIOUI andJ. P. LIEURADE, ibid. (1991) 17.

C. KASSAPOGLOUandJ. C. ADELMANN , SAMPE Quart.
24(1) (1992) 19.

M. Y. TSAlandJ. MORTON,J. Strain Analy29(1) (1994) 137.
M. GOLAND ande. REISSNER J. Appl. Mech11(1944) A17.
O. VOLKERSEN, Luftfarhtforschungl5 (1938) 41.

F. ERDOGAN andE. W. THRALL, in “Adhesive Bonding
of Aluminum Alloys,” edited by E. W. Thrall and R. W. Shanon
(Marcel Dekker, 1985).

17. K. MORI andT. SUGIBAYASHI,JSME Int. J., Series: 33(3)

Figure 17 Torsion shear stress vs. shear strain in the case of glass beads.

18.

improvement is mainly due to the fact that step lap testo.

induces non uniform stresses that affect the reliability
of the results contrary to torsion shear experiments.
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