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Most of adhesively bonded joints are under complicatedly distributed triaxial stress in the
adhesive layer. For the estimating of the strength of adhesively bonded joints, it is crucial to
clarify behavior of yield and failure of the adhesives layer under triaxial stress conditions.
Two types of the adhesively bonded joints were used in this study: One is the scarf joint
which is under considerably uniform normal and shear stresses in the adhesive layer, where
their combination ratio can be varied with scarf angle. The other is the butt joint with thin
wall tube in which considerably uniform pure shear can be realized in the adhesive layer
under torsional load conditions. These joints can cover the stress triaxiality in adhesive
layers of most joints in industrial application. The effect of stress triaxiality on the yield and
fracture stresses in the adhesive layer were investigated using the joints bonded by three
kinds of adhesives in heterogeneous and homogeneous systems. The results showed that
both the yield and failure criterion depend on the stress triaxiality and that the fracture
mechanism of the homogeneous adhesive is different from that of the heterogeneous one.
From these experimental results, a method of estimating the yield and failure stresses was
proposed in terms of a stress triaxiality parameter. © 2000 Kluwer Academic Publishers

1. Introduction the adhesive layer, the characteristics of yield and frac-
In the stress analysis of adhesively bonded joints, théure have not been reported even for the bulk polymeric
adhesive layer is usually treated as an elastic bodynaterials from difficulty in testing.
Recently the ductility of structural adhesives has been Adhesively bonded butt and scarf joints provide con-
improved drastically, which requires the elasto-plasticsiderably uniform stress distribution in the adhesive
analysis of the adhesive layer. For the elasto-plastitayer except in the vicinity of the free end, and their
analysis of adhesively bonded joints, in general, yieldstress triaxiality varies extensively depending on the
condition of the adhesive layer is assumed to be thecarf angle [6-9]. However, pure shear stress cannot
same as that of bulk adhesive specimen under uniaxidde provided in the adhesive layer of the scarf joints
loading; however, it is difficult to think that experiences but of the butt joint with thin wall tube under torsional
the same condition because most adhesively bondddading [10].
joints are under complicatedly distributed triaxial stress To elucidate the effect of stress triaxiality in the ad-
in the adhesive layer. hesive layer on the yield and fracture, the present study
Recently, the yield behavior of polymeric materials was made of tensile and torsional tests for scarf joints
has been investigated under biaxial tensile loading andith various scarf angles and the butt joints with thin
under hydrostatic pressure [1-4]. In the practical sit-wall tube respectively, where three kinds of adhesives
uation, the adhesive layer is imposed stress triaxialityhaving different ductility were used. In the tests, the
of biaxial tensile and uniaxial compression loading orstress triaxiality in the adhesive layer can be realized
triaxial tensile loading [5]. Hence, the yield criteria of under conditions from pure shear to triaxial tension,
bulk adhesives obtained from these tests cannot simphyhich covers the stress triaxiality of most joints for in-
apply to the estimation of yield behavior of the adhe-dustrial use. Based on the experimental results, we will
sive layer. In such triaxial stress conditions appearing irdemonstrate that yield and fracture conditions for the
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TABLE | Mix proportions and curing conditions of the adhesives Adhesive layer

thickness
Formulation of Curing
Name System adhesive (gr) conditions
Unmodified Homogeneus e Epoxy resin 20 20 h at
adhesive system (Asahidenka- 373K

kogyo : EP4100E)

° Piperiding 1 Strain gage (2 / \Strain gage (1)
Thiokol-modified Homogeneouse Epoxy resin 20 20 h at

adhesive system e Piperidine 1.5 373K Figure 2 Shape and sizes of the butt joint with thin wall tube.
o Thiokol (LP-3) 10

Rubber-modified Heterogeneoue Rubber-modified 25 5 h at

adhesive system epoxyresin (Japan 433K 5 9 procedure of tensile, compression and
Synthesis Rubber : e !

XER91) torsional tests

« Piperidine 0.8 For the scarf joints and bulk adhesive specimens both

the tensile and compression tests were carried out with a

universal testing machine (Shimadzu: Autograph DCS-

adhesive joints can be evaluated in terms of a stres5000) at the 1 mm/min crosshead speed. Inthe measure-

triaxiality parameter in the adhesive layer. ment of strain of the bulk adhesives, a differential trans-
former was used for the tensile test; a strain gauge was
pasted on the test piece for the compression test. To ob-

2. Experimental procedure tain Poisson’s ratios of the bulk adhesives, strains in the
2.1. Adhesives, adherend and longitudinal and lateral directions were measured in a
adhesive joints elastic range of tensile specimens using two directional

The composition and curing conditions of three kindsstrain gages. Strain of the scarf joints was measured by
of epoxy-based adhesives used in this study are giveuse of strain gauge (1) and (2) in Fig. 1, which were
in Table I: unmodified, thiokol-modified and rubber- pasted in the loading direction and normal one to the
modified adhesives. The unmodified adhesive wasdhesive/adherend interface across the adhesive layer,
cured from the epoxy resin (Asahi Denka Kogyo, respectively.
EP4100E) by piperidine, then its adhesive layer showed For the butt joint with thin wall tube the torsional tests
alittle yielding behavior. To improve the ductility of the of were conducted using a torque-controlled torsional
unmodified adhesive, thiokol (Toray, LP-3 ) was usedtesting machine (50 Nm in capacity) at the torsional
as a plasticizer. The two adhesives are of homogeneougad speed 27 Nm/min. Strain of the butt joint with
system. The rubber-modified adhesive is of heterogethin wall tube was also measured using the two strain
neous system in which rubber particles of 70 nm ingages (1) and (2) pasted on the adhesive layer with the
average diameter were dispersed. The mixing of eachngle of+45° to the adhesive layer as shown in Fig. 2.
adhesive was carried out under the pressure of 10 mmll the tests were carried out in a chamber adjusted at
Torr or less for removing gas bubbles. 295+1 K and below 50% relative humidity.

Fig. 1 shows the shape and dimension of a scarf joint.
Low carbon steel (JIS. SS400) was used as the adherend
whose thickness was varied to keep a constant adhesiéh3. Stress and strain of the adhesive joints
area. The scarf angleé was varied from 15to 9¢°  On the scarfjoint, outputs from the strain gauge (1) and
(butt joint) every fifteen degrees. Fig. 2 is that of a butt(2) in Fig. 1 involve the strain of the adherend; hence, it
joint with thin wall tube whose adherend was structuralis necessary to obtain net strains in the adhesive kyer
carbon steel (JIS. S45C). The adhesive layer thicknesandey, in Fig. 3. Here the gage outputs were corrected
of all the joints was adjusted to 0.3 mm. The bondingfor the adhesive layer thickness, assuming that Young’s
surface of adherends was polished with an emery papenodulus of the adherend is 210 GPa. Fig. 3 illustrates
of 320 mesh under dry conditions, then, cleaned witithe simplification of stresses and strains of the scarf
acetone in a ultrasonic bath. joint, in which thez- ands-directionsg, andes, are zero

Both the tensile and compression tests for each bulkrom to the constraint of the adherend. When the strains
adhesive were also conducted using dumbbell type (JISn the three directions on the identical plapg,s, and
K7113) and cylindrical type (JIS. K7208) specimens,es are known, the principal strains can be obtained by

respectively. solving the following equations [11].
€1+¢e3  &1—¢€3
o5 & = > + > COSsu (1)
~— Adhesive layer thickness ?é
t=0.3 o
= £1+&3 &1 — €3
‘ \/_/strain gage (1) )(i’) ‘ o &g = coSs Z(X — 29) (2)
:(: /6 _strain gage(2) .:‘E I‘, 2 2
i ﬂl :h g1+&3 &1 — €3 T
it i it ="t —5—coslat o —7) (3
‘ 12700;;_J\Strain gage (1) ‘ ‘ 1
38 N 38
e wheres; andez are the minimum and the maximum
Figure 1 Shape and sizes of the scarf joints. principal strains, respectively, is the angle between
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Adhesive Tayer 3. Results and discussion
/ 3.1. Stress-strain curves of
- the bulk adhesive
0 diod bod — Thic_>k_q| is wide_ly used asa plasticizer which improves

et L L% flexibility and impact resistance of epoxy resin [13];
- however, it leads to reduction of the static strength from
softening the resin itself. Recently, the rubber modified
epoxy adhesives containing dispersed rubber particles
Figure 3 Simplification of stress and strains of the scarf joint in the ysed for structural bonding, because of making exten-
adhesive layer. sive improvement in the fracture toughness, though re-

ducing the static strength a little [14].

Figs 4 and 5 show the stress-strain curves of the three
"bulk adhesive specimens under tensile and compres-
sion load conditions, respectively, wherein engineering
stress was modified with the elongation assuming that
the test specimen was uniformly deformed, and the re-
sultant stress is given as the ordinate. As Fig. 4 shows,
the unmodified adhesive exhibits a little yield behavior.

-—

-—

a, Rigid body

-—

-—

the maximum principal strain and loading directions
andd is the scarf angle.

Scarf joints have considerably uniform stress distri-
butions in the adhesive layer except the vicinity of the
free end [7]. As Fig. 3 shows, the normal stressand
shear stressg, are given in the uniform stress region
as follows [6]:

Tsn = 04 SIiNG cOsH (5)
Unmodified adhesive
50

T
L

whereo, is the average axial stress. In addition, since—

! © L ” .
&s ande, are zero as mentioned above, when both the Rubber-modified adhesive
adhesive and adherend are assumed as a elastic bc2 40}
under plane strain condition, tteeand z directional  ©
stressess, ando; are given by. a 30}
o)
=
0s = 0y = OnVa (6) g Thioko!-modified adhesive
(1—va) G 20r 1
c
)
|._

wherev, is Poisson’s ratio of the adhesive layer. Using
Equations 4-6, the maximum principal stress, can 10}
be obtained as.

0 5 10
Strain ¢ (%)

1
01 = E{O's + on + \/(Us — on)® + 4tsn @)

Hereafter, we will discuss the stress-strain curves of th€igure 4 Stress-strain curves for the bulk adhesives under tensile load
adhesion layer are shown using the maximum principagondition.

stress and the maximum principal strain. The maximum

shear stress of the butt joint of thin wall tube was ob- 110———F—F—
tained from the following equation [10].

T T T T T
Unmodified adhesive

. 100+ -
160, T - &
Tmax = —F—7 7%
T () s
whered; andd, are the inner and outer diameters, re- a
_ . . . ()] L
spectively, andrl is the applied torque. The strain of s [ Rubber—modified adhesive

the adhesive layer was calculated from the output of th 3 50 i

two strain gages pasted on the adhesive layer. Here ti.c% T Thiokol-modified adhesive
maximum shear stress being obtained from the equ:® I
tion [12]. 8
E

fz{ Y 8td, } ©) 3
max= —13 &sLg— (Lg—vV2n)————F—F—
y 77 ’ ( ’ 77) Gaﬂ' (dg o df) I I 1 L | { 1 | 1

0 5 10

wheren is adhesive layer thickness; is the average Strain & (%)

value of the strains from the two gagdsy the gage
length, ands, the shear modulus of the adherend whichgigyre 5 stress-strain curves for the bulk adhesives under compression
was assumed to be 76 GPa. load condition.
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0'2/0'1 80 T T T T T T T

o Unmodified adhesive
Thiokol-modified adhesive |

0O Rubber-modified adhesive

0.5

Maximum principal stress o ,(MPa)

Pure shearf.' oo . L .
siress condition J 0 Maximum principal strain € ,(%)

Figure 6 Stress triaxility in the adhesive layer. Figure 7 Stress-strain curves for scarf joints and butt joint with thin wall

tube (Unmodified adhesive).

Whereas thiokol-modified adhesive dose clear yield be-
havior and give rise to neck after passing through ¢ 80 ' ' ' ' ' '
maximum stress. Comparing stress-strain curve of thA ® Max principal stress
unmodified adhesive with that of thiokol-modified ad- & § O Mises equivalent stress
hesive, it is observed that the strength and rigidity ols
the latter are considerably lower than those of the forg 60
mer. For the rubber modified adhesive, although yielc
behavior is clearly observed, the modulus of elastic-
ity is almost equivalent to the unmodified adhesiveo
and the breaking strength is about 80% of that for the® 4
unmodified adhesive. Besides, stress whitening phef’
nomenon was observed, which may be damaged b€
the occurrence of micro-voids [14]. From these obser 5
vations, it can be concluded that the stress-strain beg 20
havior of the rubber- and thiokol-modified adhesives is &
similar to each other in general tendency as mentione
above [13, 14]. ‘ | ‘ | ’ .

Fl.g. 5 shows the stress-strain curves of the bul!< a(_j 00 30 60 90
hesives under compression loading. Yield behavior it Scarf Angle 8 )
observed for all the adhesives, but stress whitening was
not observed for the rubber modified adhesive. Thigrigure 8 Effect of scarf angle on fracture or yield stress (Unmodified
indicates that stress whitening depends on loading corfdhesive).
ditions. Moreover, the compressive strength is 1.5-2
times as high as the tensile strength irrespective of & e mechanical properties of the bulk adhesives are
kind of the adhesives; such tendency is in general chalg, mmarized in Table I1. The yield stress was defined as
acteristic of the many polymeric materials [15]. the stress at the peak or at the intersection of the initial
slope with the final slope of the stress-strain curves in
Figs 4 and 5 [15].

A U Yield stress of |
the bulk adhesive

TABLE Il Mechanical properties of the bulk adhesives

vieldstressy MP2)  ung's 3.2. Stress triaxiality in the adhesive layer
Tensile Compression  moduls Poisson's  Generally, the ductility of most polymeric materials
loading  loading (GPa) ratio, depends on stress triaxiality [15]. For the all adhesively
- bonded joints in this study to elucidate the stress
U”argﬁgg:sg °1 1047 2.86 0-38 triaxiality in the adhesive layer, the principal stress
Thikol 265 545 1.17 0.38 ratios in the uniform stress region are shown in Fig. 6
modified as a plots ofos3/0y againsto,/o1, whereos is the
adhesive maximum principal stress;, andos are the medium
Rubber v 450 2.02 0.36 principal stress and the minimum principal stress,
;”dohd;fs'ilde respectively. In the present situation, since the plane

strain condition was assumed, the stress triaxiality
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(b) §=60°

Figure 9 Examples of fracture surface of scarf joint (Unmodified adhesive)
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TABLE Il Fracture morphology of the adhesively bonded joints

50 T T T T 1 T

m (]
Fracture o §=90
Fracture appearances \E_,
Scarf surfaces obtained  obtained from b'— 6=75 @ -60°
Adhesive angl® from SEM stress-strain curves "
Unmodified 15 Slip Ductile g
adhesive 30 Slip Ductile 7
45 Slip Ductile ©
60° Cleavage step Brittle Qo
75 Cleavage step Brittle CC>
103 Cleavage step Brittle =
Thiokol-modified 15 Slip Ductile o
adhesive 30 Slip Ductile E
45 Slip Ductile :E’
60° Slip Ductile =
75 slip Ductile &
90 Cleavage step Brittle =
Rubber-modified 15 Shear dimple Ductile | | | | |
adhesive 30 Shear dimple Ductile 0 2 4 6 8
45° Shear dimple Ductile . L .
60  Equiaxed (’;’imple Duciile Maximum principal strain € (%)
75 Equiaxed dimple  Ductile ) ) o o ) )
90° Equiaxed dimple  Ductile Figure 10 Stress-strain curves for scarf joints and butt joint with thin

wall tube (Thiokol-modified adhesive).

W
(=)

) . 50 y T - T : T
can be defined by only one parameter of eittgio; e Max principal stress
or oz/01. In addition, a following linear relationship = O Mises equivalent stress
exists betweens/o1 andoy /o1 [5] L 40 i
=
(o} O [/2]
o1 o1 9
et
[3]

O

This equation indicates that the triaxiality in the B ==
adhesive layer can only be determined by the Poisson-g-;
ratio of the adhesive layer,. This figure indicates « 20
that the stress triaxiality increases with increasing ir g,
the scarf angle, and that the stress conditions are und 5
biaxial tension and uniaxial compression in the rangeg 10

of & < 45°, and under triaxial tension fex > 60°. o

bulk adhesive

3.3. Strength characteristics of the joints ' ' : ' : '
bonded by the unmodified adhesive 00 30 6% o 90

Fig. 7 shows the stress-strain curves in the adhesiv. Scarf Angle 0 (" )

layerforthe scarf10|nts_a}nd bUttJOthIth t_hmwa‘” tube Figure 11 Effect of scarf angle on fracture or yield stress (Thiokol-

bonded by the unmodified adhesive, which representgodified adhesive).

the relationship between the maximum principal stress

and the maximum principal strain of the adhesion layer.

The stress-strain curve in the torsion test is given asire, the yield stress of the bulk adhesive specimen is

0 =0°, since the stress state in the adhesive layer undexiso indicated as a dashed line. The maximum princi-

torsional loading corresponds to that of the scarf jointpal stresses for the scarf joints with= 60°—90° and the

with 6 =0°. In the figure, brittle fracture occurred at Mises equivalent stress for the joints with= 15°-45

the scarf anglé =60, 75°, 90°, and yield behavioris are almost the same at the fracture and yield points, re-

observed at the scarf angle= 15°, 30°, 45°, and inthe  spectively, where brittle fracture occurred in the former

torsional testd = 0°). joints and yield behavior appeared in the latter joints.
In the tensile test of scarf joints bonded with an- Such trend agree with the trend in the previous paper as

other epoxy adhesives, it has been reported from thahentioned above [8]. In Fig. 8 the yield stress for the

the yield of the adhesive layer is governed by the Misegoints with § = 15°—45 is greater than that of the bulk

equivalent stress and brittle fracture is done by the maxspecimen by a factor of 12%. This may be due to the

imum principal stress [8]. Fig. 8 shows the relationshipvolume effect of the adhesive, because this adhesive is

between the scarf angle and the maximum principakensitive to the defect.

stress at the fracture point or Mises equivalent stress Fig. 9a and b show typical photos of fracture surface

at the yield point in the adhesive layer which was de-of the scarf joints wittf = 15> and 60 on a scanning

termined from the intersection of the initial slope with electron microscope. As shown in Fig. 9a, in case of

the final one of the stress-strain curve [15]. In the fig-6 =15, slip plane destruction in the layer structure is
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(b) 6=90°

Figure 12 Examples of fracture surface of scarf joint (Thiokol-modified adhesive).

2487



observed, which shows a typical ductile fracture pat- 50 . , l , : . .
tern. Ford =60° as shown in Fig. 9b, the cleavage &
step state is observed, which is a typical brittle fractured-

pattern [16]. ?.; 40
o)
A

3.4. Strength characteristics of the joints g 30
bonded by the thiokol-modified »
adhesive 8

Fig. 10 shows the stress-strain curves of the scarfjoint'g 20
and butt joint with thin wall tube bonded by the thiokol -2

modified adhesive. For all the joints except the butt &
joint with 6 =90° yield behavior is observed. Transi- 5 10
tion scarf angle® at which the fracture pattern changes £
ductile to brittle is between ?5and 90, being higher 3
than that of the unmodified adhesive. Thisis because thr=
ductility of the adhesive was improved by the thiokol- 0 2 4 6 8
modification. The relationship between the scarf angle
and fracture oryield stressis givenin Fig. 11. The Mises
equivalent s_tresses at yield point Prov'de _almOSt COnT:igure 13 Stress-strain curves for scarf joints and butt joint with thin
stant value in the range of & 6 < 75°. This indicates  wall tube (Rubber-modified adhesive).
that the yield stress of ductile fracture and the break-
ing stress of brittle fracture for the both unmodified 50 : : | : :
and thiokol-modified adhesives can be standardized il & Max principal stress
terms of the Mises equivalent and the maximum prin- O Mises equivglent stress
cipal stress, respectively. In addition, the Mises equiv- — 40
alent stress at the yield point almost agrees with tha,;,“_s ———————— ——————1
of the bulk adhesive specimen. This is attributable tcS Jleld strese of o
that the thiokol-modification reduces the sensibility of ¢,
fracture to the defect in the adhesive layer.
Fig. 12 shows the fracture surfaces for the joints with+3
scarf angle® =15 and 90 with a scanning electron © )
microscope. For the joint &= 15°, slip plane destruc- 2 20
tion in layer structure is found and these extended lay
ers overlap. This implies the generation of large-scale
deformation compared to the fracture surface of the un 10 T
modified adhesive. On the fracture surfaceffes 90°,
the cleavage step as typical pattern of the brittle frac:
ture is observed. Table Ill shows the morphology of 00 - ' - ' - 1
the fracture surfaces of the scarf joints. For both the 38 A IG% o 90
unmodified and thiokol-modified adhesives, the transi- carfAngle & (" )
tl(?n angle from ductile fracture to br_lttle fracture a‘greesFigure 14 Effect of scarf angle on fracture or yield stress (Rubber-
with that of fracture pattern from slip to cleave step. modified adhesive).

Maximum principal strain & (%)

es

Y

3.5. Strength characteristics of the joints a fracture mechanism of rubber-modified epoxy resin
bonded by the rubber modified under plane strain condition has been proposed [17]:
adhesive At first, cavitation occurs surroundings of the rubber

Fig. 13 shows the stress-strain curves of the scarf jointparticle; then stress state of the inside of the matrix resin
and butt joint with thin wall. All the joints exhibityield- changes from the plane strain condition into the plane
ing behavior. In the same way as the unmodified andtress condition where the stress triaxiality of the matrix
thiokol modified adhesive, the relationship between theesin weakens. This is because yielding of the adhesive
scarf angle and the yield stress was obtained as Fig. 14ayer occurs even in the butt joint.
The Mises equivalent stress at the yield point is almost Stress whitening was also observed for the rubber-
constantinthe range of < 6 < 45°, and the maximum modified bulk specimen under tensile loading. Hence,
principal stress at the yield point somewhat increased is expected that the cavitation also occurs in the ad-
with the scarf angle for 60< 6 < 90°. hesive layer: for the joints in 66< 6 < 90°, cavitation

For the butt joint§ = 90°), shear deformation of the surrounding the rubber particles occurs from the expan-
adhesive layer cannot occur except in the vicinity ofsion stress, which makes yielding in the adhesive layer
the end of the adhesive layer. Therefore, the fractursimilar to the bulk matrix resin as mentioned above.
mechanism for the joints &f < 45° will be expectedto In addition, the maximum principal stress at the yield
differ from that of the joints in 60< 6 < 90°. Recently, point agrees with the yield stress of the bulk adhesive
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(b) 6=90°

Figure 15 Examples of fracture surface of scarf joint (Rubber-modified adhesive).
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A1 1 0 T T T T T T T T T 1 1 O

® niaxial O Unmodified adhesive  _|

o100 tampression 4 Thiokol-modified adhesivel 100
B \\ O Rubber-modified adhesive] B

1))
(=]

Fracture or yield stress (MPa)

Isotropic stress ¢ ,(MPa)

Figure 16 Relation between the mean hydrostatic stress and the Mises
equivalent stress.

©

specimen under tensile loading, where stress state off:
the bulk specimen is under the plane stress condition.
This suggests that for the scarf joints 0606 < 90°
the stress state in the adhesive layer changes from plane
strain condition into plane stress condition with increas-
ing applied load.

For the joints o < 45°, the Mises equivalent stress
at the yield point is almost constant irrespective of the ©
scarf angles. This suggests that shear yielding occurs g
in the adhesive layer.

Fig. 15 shows fracture surfaces of the joint of
0 = 15°and 90. Shear dimple was observed in Fig. 15a
of # =15, implying that plastic deformation by the
sliding may occur. Equiaxed dimple was observed in
Fig. 15b ofé =90°. Both fracture surfaces ¢f=15
andd = 90°are typical ductile fracture surfaces [18]; in
addition, transition angle of the fracture surface form
shear dimple to equiaxed dimple is betweeri 45d
60° (see Table Ill), corresponding to the transition an-
gle from shear yielding to damage yielding.

~—

r yield stress (M

Fractu

3.6. Effect of mean hydrostatic stress

on the yield stress
Hydrostatic pressure affects the yield stress of most
polymeric materials [15]; hence, the effect of positive
average hydrostatic pressure on the yield stress has bee
investigated. The yield condition is usually evaluated
by a modified Mises equation involving the term of
the mean hydrostatic pressure [1-4]. However, yield
and fracture behavior in the triaxial stress state appear-
ing in many adhesively bonded joints have been rarely
investigated.

Fig. 16 shows the relation between the mean hydro-
static pressure and the yield stress in the adhesion layer
in which the results of tensile and compression tests for
the bulk adhesive specimens are also indicated. Dolve
et al. conducted the torsional tests of butt joint with

Yield stress (MPa)

FTTTTT T T T i i rirrrrrryrrirTrrorr e
L

o Mises equivaient stress
O Maximum principal stress

..OEO

o 0
S0 Shear yielding ¢ Brittle fracture 7
N T T T U T T T T O OO S O O O
Triaxiality parameter 0 /0
(a) Unmodified adhesive
o
4 Mises equivalent stress
A Maximum principal stress .
s A
Shear yielding : Britile
' fracture)
40'_ A ' N
— . A AAA . . ; —
20 y
0 P g cr v b v r e vy bt
21
Triaxiality parameter 0 /0
(b) Thiokol-modified adhesive
(<1 T S B
- o Mises equivalent stress
O Maximum principal stress
i o
' =}
40_ al ' 1
[ | " :D
i Shear E Damage yieiding ]
yielding | (Plane strain —
! plane stress)
20 .
IS W I T T I OO T T O Y O G I
9 2

Triaxiality parameter 0 /0

(c) Rubber-modified adhesive

thin wall tube as well as the tensile and compressiorfigure 17 Effect of stress multiaxiality on fracture or yield stress.

2490



tests for the bulk adhesive specimens. They found thabutt joint with thin wall tube and bulk specimens. Stress
a linear relationship exists between the Mises equivatriaxiality of the joints was widely varied, the main
lent stress and the mean stress [19]. This means thatsult being obtained as follows.

the yield stress can be evaluated by the modified Mises (1) For adhesive joints bonded by the unmodified ad-
equation. Hence, to clarify the linear relationship, thehesive , ductile fracture was observed, and Mises equiv-
dashed lines connecting yield stresses obtained froralent stress at the yield point is almost constant in the

the uniaxial tension and compression tests are conrange of 0< on/omis < 0.42. Whenom/omis > 0.42,
pared with the joint data. As Fig. 16 shows, yield stresdorittle fracture occurred and the maximum principal

inthe range o, < O increases with increasing hydro- st
static stress for all the adhesives used in this work. This

ress at the fracture point is almost constant.
(2) For adhesive joints bonded by the Thiokol modi-

trend is similar to that of the modified Mises equation.fied adhesive, Mises equivalent stress at the yield point

However, whero,, > 0, for the unmodified and the is

almost constant in the range of0o/omis < 1.23,

thiokol-modified adhesives the Mises equivalent stressind ductile fracture occurred except for the butt joint at
dose not vary significantly with the mean hydrostaticom/omis = 1.62.

stress. Whereas, for the rubber-modified adhesive, itis

(3) For adhesive joints bonded by the rubber-

observed thatthe Mises equivalent stress decreases withodified adhesive, yielding behavior was observed
increasing the mean hydrostatic pressure in the range @ven in the butt joint. The yield criteria depend on the

60° <6 <90. In the range of 0< 0 <45, the Mises st
equivalent stress is almost constant in the same mannat
as the unmodified and thiokol-modified adhesives. 0

From the above-mentioned results, it can be conth

ress triaxiality parameter: the Miese equivalent stress
the yield point was almost constant in the range of
< om/omis < 0.47. The maximum principal stress at
eyield pointwas almost constant tg/omis > 0.47.

cluded that the modified Mises equation is not applica-The former and latter results suggest that shear yield-

ble to the yield criteria of the adhesives.
re

3.7. Evaluation of yield and fracture
stresses with the stress triaxiality
parameter

Even for the same stress triaxiality, the mean hydro-

static pressure varies with strength of the adhesive; thug.
the mean stress is not suitable for a parameter repre3.

senting the stress triaxiality in the adhesive layer. As a
parameter for the stress triaxiality, /omis was exam-
ined in this study, wherey, is the mean stress aogs

is the Mises equivalent stress [20].

stress triaxiality parameter. The results are shown in

Mises equivalent stress at yield point or the maximum

principal stress at the fracture point, the value on thaui.

abscissa doing the stress triaxiality parametgfomis.

For both the unmodified and thiokol-modified adhe-12:

sives, anincreaseinthe stresstriaxiality parameter lea
to alternating the fracture mode from ductile to brittle

and of the yield and rupture criteria from the Mises 14.

equivalent stress to the maximum principal stress.

For the rubber modified adhesive, yield behavior was
observed irrespective of the scarf angle as in Fig. 12.
However, yield criterion alters from the Mises equiv-

alent stress to the maximum principal stress with in-1e.

creasing of the stress triaxiality parameter. The former
and latter results imply that shear yielding and damage
yielding occur in the adhesive layer, respectively.

stress triaxiality parameter is available for estimating
yield and fracture stresses, but also grasping the frac-

ture morphology of several kinds of adhesively bonded;g'

joints.

4. Conclusions

4. A. SILVESTRE, A. RAYA, M.

5.
6.

Yield and fracture stresses were evaluated from the7.
8. Idem, ibid. 28 (1985) 2575.

Fig. 17, where the value on the ordinate indicates thqg' Idem, JSME Inter. J30 (1987) 1042.

3. K.

15. 1.

ing and damage vyielding occur in the adhesive layer,

spectively.
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