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NOMENCLATURE

a : apparent crack length

A1,A2 : constant of  linear relation of a cube root of compliance and apparent crack length

B : width of DCB specimen

C : compliance

3
√C : cube root of the compliance

GI : energy release rate

GIC : fracture toughness

P : load



Parr : arrest load

Pine : inelastic load

Pmax : maximum load

δ : displacement

ε : strain

σ : stress

ABSTRACT

The ductile structural adhesives such as a polyurethane adhesive are developed in

recent years. This study is intended to measure the fracture toughness under Mode I loading

of two-part polyurethane adhesives using double cantilever beam (DCB) tests. Two types

of polyurethane adhesives and the effect of adhesive thickness on the fracture toughness are

discussed.  Plastic deformation of the steel adherends occurred in both adhesives for both

adhesive types and thicknesses. Therefore, the arrest load out of consideration of a plastic

deformation was evaluated the fracture toughness of the DCB specimens. As a result, the

fracture toughness of the polyurethane adhesive is higher for higher tensile modulus and

adhesive  strength.  In  addition,  the  fracture  toughness  is  higher  for  a  larger  adhesive

thickness.  The analytical  results based on the triangle cohesive zone model using zero-

thickness cohesive elements are agreed with the experimental results.
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1. INTRODUCTION

Adhesive  bonding leads  to  weight  reduction,  high rigidity,  and air  tightness  for

aerospace and automobile  structures  because it  is  a surface bonding technique  and can



distribute  the  stress  at  a  joint1,2.  Structural  adhesives  were  developed  and  applied  in

industrial  fields  other  than  welding  and  riveting3.  Structural  adhesives  require  high

performance, heat resistance, and corrosion resistance. Therefore, adhesives composed of

thermosetting resins were mainly applied. Epoxy adhesives are high-strength and functional

adhesives and have been applied in actual transportation4,5. However, epoxy adhesives were

prone to brittle fracture. In order to prevent the brittle fracture in the bonded structures,

ductile  structural  adhesives  were developed in recent  years6,7.  A polyurethane  adhesive,

which is a ductile adhesive, has a high fracture toughness because polyurethane adhesives

can be designed with a wide range of setup characteristics8-10.  However, the durability and

reliability  of bonded structures with ductile  adhesives were lower than those of welded

structures, so that the design basis of adhesive bonding was uncertain. 

Studies on a failure criterion based on the fracture mechanisms of adhesive have

been widely conducted. The strength of adhesive bonded joints predicted from the traction-

separation law used a cohesive zone model in each of Modes I, II, and III11-14. In the case of

Mode I, double cantilever beam (DCB) tests can simply measure the energy release rate of

the adhesives based on beam theory. Although DCB tests have been carried out for many

adhesives15,16, there are few reports of polyurethane adhesives in Mode I loading compared

to other adhesives17,18.  It  is  necessary to clarify the energy release rate and the fracture

mechanism under Mode I loading for a wide range of polyurethane adhesives. Moreover,

research on the optimal condition of adhesive bonded joints remains insufficient. In order to

establish  the  design  basis  of  adhesive  bonding,  comprehensive  knowledge  of  adhesive

bonding structures must be investigated.

The present  study examined  the  fracture  toughness  and fracture  behavior  under

Mode I loading of steel adherends bonded with two types of polyurethane adhesives by



DCB tests. The effect of adhesive thickness19,20, which is one of the factors governing the

joint strength of adhesive bonding, on the fracture toughness is also discussed. 

2. EXPERIMENTAL PROCEDURES

2.1. Materials

A carbon steel sheet based on JIS G3101 SS400 was used as the adherend. Two

commercially available types of two-part polyurethane adhesives, BETAFORCE™ 2850L

and BETAFORCE™ 9050L, both produced by DuPont, were used. We refer to these two

adhesive types as 2850L and 9050L, respectively.

2.2. Specimens

In order to determine the material properties of both adhesives, tensile tests were

carried out on dog-bone-type specimens based on JIS K 6251 No. 821, as shown in Figure 1.
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FIGURE 1 Shape and dimension of the dog-bone type specimen (unit: mm).

Figure 2 shows the shape and dimensions of the DCB specimen based on JIS K

708622. The steel adherends were sandblasted with brown fused alumina abrasives and were

degreased by acetone. A primer, Hamatite Body Primer, supplied  by Yokohama Rubber

Co.  Ltd.,  was  applied  to  the  steel  adherends  before  the  adhesive  bonding.  A  high-



performance fluoropolymer-release film, WL5200, with a thickness of 25 μm was used to

create an initial crack with a length of approximately 40 mm. In order to investigate the

effects of adhesive thickness, t, under Mode I loading, two adhesion thicknesses of 3.0 and

0.3 mm were produced by spacer stainless sheets. They were kept at room temperature for

3 days, and then heated up to 80°C for 24 hours in an oven. After curing, the adhesive

thickness of the DCB specimen was measured using a digital microscope.
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FIGURE 2 Shape and dimensions of the double cantilever beam (DCB) specimen (units:

mm).

2.3. Testing conditions

Tensile tests for the dog-bone-type specimens were conducted under displacement

control at a crosshead speed of 1.0 mm min-1. The elongation at breaking was measured by

a non-contact video extensometer. At least three specimens were tested for both adhesives.

Double cantilever beam tests were conducted using a tensile test machine under

displacement  control  at  a  crosshead  speed  of  1.0  mm min-1.  In  order  to  introduce  an

artificial crack, the DCB specimen was loaded until the crack length reached approximately

70 mm in the case of an adhesive thickness of 0.3 mm, or 50 mm in the case of an adhesive

thickness  of  3.0 mm. The initial  load-displacement  curve was not  used to  measure the

energy release rate. Figure 3 shows a diagram of the DCB test used herein. 



A

Parr

L
oa

d,
 P

(N
)

Displacement, δ (mm) 

Pmax

Pine

50

0

B

C

D

E

F

Loading

Unloading

 

FIGURE 3 Diagram of the DCB test method used herein.

The DCB specimen was loaded until the crack grew to a length of approximately 5

mm. The load-displacement curve (P-δ curve) was linear from point A to point B in the

figure,  and the crack had not  yet  propagated.  When nonlinearity  appeared in  the load-

displacement curve from point B to point C in the figure, the crack gradually propagated.

The load at point B is referred to the inelastic load, Pine. After reaching the maximum load,

Pmax, at point C, the displacement increased until the crack propagated approximately 5 mm

(point D). In order to stop crack propagation, the DCB test was paused for approximately

30 minutes. The load when the DCB test was restarted (point E) was defined as the arrest

load, Parr. In the case of ductile adhesives, plastic deformation occurred in the thin steel

adherends of the DCB specimen, as described later. Therefore, the crack length in the DCB

tests  was  defined  as  the  linear  difference  between  load  points  and  the  crack  tip  by

measurement using a microscope. This distance is referred as the apparent crack length, a.

Then, the DCB specimen was unloaded to 50 N and then re-loaded, as shown by points E–

F–E in  the  figure.  Such  loading  and  unloading  cycles  were  performed  until  the  DCB



specimen completely failed, and the energy release rate was calculated for each cycle. At

least three specimens were investigated for both adhesives and both adhesive thicknesses.

3. RESULTS

3.1. Stress-strain curves for each adhesive

Figure 4 shows the stress-strain curves (σ-ε curves) for the adhesive bulk specimens.

Both adhesives show highly nonlinear behavior. Table 1 shows the tensile test results for

both polyurethane adhesives. The tensile modulus and strength for the 9050L adhesive was

higher than those for the  2850L adhesive. In contrast, the strain at failure for the  2850L

adhesive was higher than that for the 9050L adhesive. 
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FIGURE 4 Stress-strain curves for both polyurethane adhesives.

TABLE 1 Mechanical properties of each polyurethane adhesive.



Adhesive
Tensile 

strength (MPa)
Strain

at failure (%)

2850L 12.9 196.0

9050L 26.3 74.7

3.2. Double cantilever beam test results

Figure  5  shows  the  load-displacement  curves  obtained  in  the  DCB tests.  Both

adhesives  exhibited  inelastic  behavior.  In  addition,  the  load  decreased  and  the  crack

propagated before restarting the test in one cycle. The results for the side of the specimen

for each adhesive before restarting the tests are shown in Figure 6. Plastic deformation of

the steel adherends occurred in both adhesives for both adhesive types and thicknesses, and

a residual displacement was also observed in the load-displacement curves. It is necessary

to establish evaluation methods for the fracture toughness in the case where the adherend

experiences plastic deformation.
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FIGURE 6 Observation results for the side of the DCB specimens just before restarting the

tests.

The energy release rate for adhesives was calculated from the relationship between

the compliance and apparent crack length.  Figure 7 shows the relationship between the

cube root of the compliance and the apparent crack length. This relationship was linear for

all adhesives and adhesive thicknesses. When this relation is defined by equation (1), the

relationship  between the compliance  and the apparent  crack length  is  expressed by the

cubic  formula  shown in  equation  (2).  The  energy  release  rate,  GI,  is  calculated  using

equation (3), where B is the width of the DCB specimen. It is considered that the inelastic

load, Pine, and the maximum load, Pmax, include the effect of plastic deformation of the steel

adherends. Moreover, the energy release rate, which was calculated based on these loads,

was overestimated, and the evaluation of the fracture toughness was not suitable. Therefore,

the arrest load,  Parr, which was not affected by plastic deformation of the steel adherends,

was used to evaluate the fracture toughness, GIC, of the DCB specimens.



3
C

C
ub

e 
ro

ot
 o

f 
co

m
pl

ia
nc

e,
(m

m
/N

)
1/

3

30 50 90 130 150
Apparent crack length, a (mm)

0.1

0.2

0.3

0.4

0.5

0.6

70 110 30 50 90 130 150
Apparent crack length, a (mm)

70 110

(A) 2850L (B) 9050L

9050L-3.0 mm 
9050L-0.3 mm

2850L-3.0 mm 
2850L-0.3 mm

FIGURE 7 Relationship between the cube root of compliance and the apparent crack

length.
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Figure  8  shows  the  relationships  between  the  fracture  toughness  and  the

apparent crack length for all DCB tests. The fracture toughness showed similar values

in the region in which the crack propagated stably, regardless of the difference in the

adhesive and the adhesive thickness. The lines in Figure 8 and the entries in Table 2

show the average values of the fracture toughness for each adhesive thickness for both

polyurethane adhesives. The fracture toughness of the polyurethane adhesive is higher

for a higher tensile modulus and higher adhesive strength. In addition,  the fracture

toughness is higher for a larger adhesive thickness.  
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TABLE 2 Average values of fracture toughness for each adhesive thickness for both

adhesives

Adhesive
Fracture toughness, GIC (J m-2)

t=0.3 mm t=3.0 mm

2850L 1466 2436

9050L 2414 3255

The morphologies of the fracture surfaces were observed for each DCB specimen.

Figure 9 shows representative  fracture surfaces.  The left-hand side of the figure shows

overall views of the fracture surface, and enlarged images of the regions outlined in red are

shown on the right-hand side of the figure. In the case of the fracture surfaces of the 2850L

adhesive,  the adhesive partially  adhered to the steel adherends.  Therefore,  this adhesive

fractured by both interfacial  failure and cohesive failure.  However,  the  9050L adhesive

underwent mainly cohesive failure under Mode I loading. In general, cohesive failure tends

to increase with increasing fracture toughness23, so the fracture toughness is assumed to be



higher for the high-tensile-strength adhesive.  Another factor is  that irregularities  on the

fracture surface and the crack propagation resistance for the 9050L adhesive increased for

larger fracture surfaces. This has been evaluated based on the fractal dimension, and the

fractal  dimension  and  the  fracture  toughness  increase  as  the  content  of  rubber  in  the

adhesive  increases23,24.  These  points  require  more  detailed  examination,  including

investigation of the bulk properties, and will be considered in future studies.
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FIGURE 9 Fracture surfaces of the DCB specimens.



3.3. Finite element method analysis

In order to evaluate the fracture toughness of polyurethane adhesives based on the

cohesive zone model, the finite element method (FEM) analysis with ABAQUS was used

in the present study. Figure 10 shows the analysis model for the DCB specimen in the case

of an adhesive thickness of 1.0 mm. A linear analysis in a plane strain state was applied.

The analysis model was a half model formed by isoparametric quadrilateral elements. The

material properties for the adherend were for an elastic material, and those for the adhesives

were for hyperelastic materials in the Arruda-Boyce model. The parameters for the Arruda-

Boyce model were estimated based on the tensile test results, as shown in Figure 4. The

FEM analysis was performed for four adhesive thicknesses of 0.1, 0.3, 1.0, and 3.0 mm

using the triangle cohesive zone model. Table 3 shows the number of elements and nodes

for  each adhesive thickness.  The cohesive  fracture  toughness  was used to  estimate  the

fracture toughness in the case of zero adhesive thickness based on the relationship between

the fracture toughness and the adhesive thickness in the DCB tests, as shown in Figure 11.

The cohesive fracture toughness is 1,358 J m-2 for the 2850L adhesives and 2,321 J m-2 for

the  9050L adhesives. Thus, FEM analysis was conducted in order to evaluate the failure

behavior of polyurethane adhesives using the parameters  for the adhesives and the zero-

thickness cohesive elements25,26. 

FIGURE 10 Analysis model for DCB specimen.



TABLE 3 Analysis parameters of each adhesive joint

Adhesive thickness Elements Nodes

0.1 mm 735 480

0.3 mm 919 662

1.0 mm 919 662

3.0 mm 948 660

Figure  11  also  shows  the  analytical  results  for  the  fracture  toughness  and  the

adhesive thickness. The analytical results agree with the experimental results. The analysis

based on the triangle cohesive zone model using zero-thickness cohesive elements could be

used  to  evaluate  the  fracture  toughness  of  both  polyurethane  adhesives  with  different

adhesive thicknesses. The fracture toughness of the ductile adhesives in steel adherends

could be evaluated based on the arrest load out of consideration of a plastic deformation.
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4. CONCLUSION

Double  cantilever  beam  tests  were  conducted  in  order  to  measure  the  fracture

toughness under Mode I  loading in steel  adherends bonded with two types of two-part

polyurethane  adhesives,  i.e.,  BETAFORCE™ 2850L and  BETAFORCE™ 9050L.  The

effect of adhesive thickness for both adhesive types was also investigated.  The fracture

toughness,  which  was  evaluated  based  on  the  arrest  load  in  the  DCB  tests,  for

BETAFORCE™ 2850L was 1,466 J m-2 for a thickness of 0.3 mm and 2,436 J m-2 for a

thickness of 3.0 mm.  In the case of BETAFORCE™ 9050L, the fracture toughness was

2,414 J m-2 for a thickness of 0.3 mm and 3,255 J m-2 for a thickness of 3.0 mm. The

fracture toughness of the 9050L adhesive was higher than that of the 2850L adhesive, and

the  fracture  toughness  of  thick  adhesive  was  higher  than  that  of  thin  adhesive.  These

experimental results agreed with the analytical results based on the triangle cohesive zone

model using zero-thickness cohesive elements. 
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