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Abstract In this paper, the effect of tightening torque

(clamping force) on the fatigue crack growth rate in

cracked single lap simple bolted and hybrid (bolted/bon-

ded) joints have been studied experimentally. To do so,

series of fatigue crack growth tests for two different

amounts of the tightening torques in Aluminum alloy

2024-T3 pre-cracked joints have been carried out to record

the fatigue crack growth and also the fatigue lives of

specimens. Experimental test results showed that the

hybrid joints had longer fatigue crack growth life compared

to the simple bolted joints at the given bolt tightening

torque. Also, it was found that the higher bolt tightening

torque provided improved fatigue crack growth life for

both types of the joints.

Keywords Clamping force � Hybrid joint �
Fatigue crack growth � Bolted/adhesive joints

1 Introduction

The methods of joining components and mechanical parts

such as bolting, riveting, etc. plays an important role in

determining the strength and performance of the joints.

Main advantages of the bolted joints are related to their

higher strength [1–3]. However, these types of joints have a

drawback which is due to drilled holes which cause stress

and strain concentration, and consequently results in earlier

fatigue crack initiation and fatigue crack growth [4–6].

Many methods have been used to repair and improve the

strength of damaged joints, such as using adhesives, which

causes less stress concentration and more uniform stress

and strain distribution. However, it is known that the

adhesive bonded joints have less strength compared to the

bolted joints. In order to employ the benefits of bolted

joints, such as the high strength, and well stress distribution

advantage of the adhesive bonding, a combination of

adhesive bonding along with mechanical joints can be used

to achieve the maximum efficiency and fatigue strength.

This method of joining is named as hybrid joints [7, 8].

Hybrid joints are used in many industrial applications, such

as aerospace and automotive structures because of their

advantages compared to the other joints such as simple

welded, adhesively bonded or rivet joints [9, 10]. Mallick

et al. [11] investigated the fatigue behavior of hybrid joints

in SRIM composites. The results showed that the hybrid

joints had both higher failure load and fatigue life than the

simple adhesively bonded joints. The load transfer in

hybrid joints was investigated by Kelly [12, 13]. The

investigations indicated that the load transferred by the bolt

increased with increasing amount of the used adherend and

the adhesive thickness, while it decreased with increasing

overlap length and pitch distance.

Many researchers investigated the effect of clamping

force on the fatigue behavior of joints [14–16]. Collings

[17] investigated the effects of bolt clamping load on the

strength of GFRP laminates. Chakherlou et al. [18] inves-

tigated the crack growth and also fatigue life of Aluminum

alloy 7075-T6 bolted joints. The results showed that the

bolt clamping force increases both fatigue crack initiation

and fatigue crack growth lives. In the other research,

Chakherlou et al. [5] investigated the effects of both bolt

clamping force and friction on the fatigue behavior of

Aluminum alloy 2024-T3 in double shear lap joints. The
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authors found that by increasing tightening torque, higher

fatigue lives were achieved and below a certain load level,

the improvement of fatigue life stopped because of fretting

phenomenon.

The cyclic loading in bonded structures in the aerospace

industry can cause damage and crack initiation in the weak

regions of the structures. Therefore, repairing or reinforc-

ing the damaged regions is necessary for these structures.

Several methods have been used for repairing, such as

fastening metal with bolt, rivet or adhesively composite

patch reinforcement for their advantages in the reduction of

the stress concentration and stress intensity factor at the

crack tip [19–21]. The repairing methods and also fatigue

crack growth behavior of the cracked joints have been

studied in many investigations.

Seo et al. [22] studied experimentally the fatigue crack

growth behavior of cracked Aluminum-plate repaired with

composite patch. The results showed that the stress near the

crack was reduced by patching and this stress reduction

was attributed to the decrease in stress intensity factor.

Belhouari et al. [23] compared the Aluminum-plate with

single and double bonded composite patches using

numerical methods. The author’s obtained results showed

that the stress intensity factor reduction at the crack tip in

double repaired patch was considerable in comparison with

the single repaired patch. Madani et al. [24] investigated

the stress distribution in holed Aluminum alloy 2024-T3

repaired with composite patch using the finite element

method. The results showed that repairing method could

prevent or delay the crack reinitiation or crack propagation.

It was also concluded that the reduction of stress intensity

factor improved 30 % the fatigue crack initiation life.

Kumar et al. [25] studied the life prediction of adhesively

bonded single lap joint by applying both geometric and

material nonlinearities. The predicted life had a good

agreement in high cycle fatigue regime with the observa-

tions reported in the literatures. Adel wahab [26] investi-

gated the prediction of fatigue crack growth life in

adhesively bolted joints numerically.

Much of the repairing work in pre-cracked structures

and single or double lap joints are based on adhesive

because of its advantages of lower stress concentration and

stress intensity factors, that lead to the decrease of the

fatigue crack propagation. Therefore, in this investigation,

repairing the cracked joints by using bolt-nut and the effect

of tightening torque (clamping force) on the fatigue crack

growth in single lap simple bolted and hybrid (bolted/

bonded) joints have been studied experimentally. A series

of fatigue tests for two different amounts of tightening

torques in Aluminum alloy 2024-T3 pre-cracked joints

have been carried out to record the fatigue crack growth

and investigate the influence of tightening torque on the

fatigue life of the joints.

2 Experimental Tests

The specimens used as adherends for the single lap joints in

this investigation were made from Aluminum alloy

2024-T3 sheet having thickness of 3.2 mm. Two types of

single lap joints i.e. the simple bolted and hybrid (bolted/

bonded) specimens were prepared. The specimen types and

geometry are schematically shown in Fig. 1 and the

mechanical properties and the dimensions of these speci-

mens are given in Table 1. To prepare the adhesive used in

the hybrid joints, two component epoxy adhesive tube, the

resin and the hardener were mixed in equal 50 % of

weight. This adhesive (Lactate 3421) [27] was used in this

Fig. 1 Schematic of specimen

types and geometry a simple

bolted single lap joint and

b Hybrid (bolted/bonded) single

lap joint
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investigation because of its high strength and room tem-

perature curing condition.

In order to obtain the mechanical properties of the

Aluminum-adherend, tensile specimens in accordance with

the ASTM E8, were made and tested in a 100 kN Zwick

static testing machine. The mechanical properties of the

Aluminum were obtained from tensile tests and the true

stress–strain curve is shown in Fig. 2. The elastic modulus

and Poisson ratio were measured to be E = 72 GPa and

m = 0.33, respectively. According to the adhesive manu-

facturer’s instruction, the best mechanical performance for

the Loctite 3421 is reached at room temperature with a

minimum 24 h of curing time. To prevent any scratches in

the specimens, the surface of the specimens were polished

with sandpapers of different grits (400, 600, and 1000).

Then the plates were cleaned with acetone. The surface

preparation for the hybrid joint was done in accordance

with the ASTM D2651-90, to reach the maximum perfor-

mance of the adhesive bonding. The surfaces of the Alu-

minum adherends were treated with SiC abrasive paper and

washed with water and then etched with H2SO4. A special

mechanism was employed in the hybrid joints to reach the

uniform adhesive thickness. First a rectangular cage with a

height of the adhesive layer thickness was glued to the

overlapped region and then the adhesive was injected to

this cage. After that the overlapped region was mechani-

cally pressed and the joints were left to be cured at ambient

temperature for 72 h. Finally the cage was separated from

the overlapped region.

The fastener holes in the specimens were drilled with a

diameter of 5 mm to assemble a hex head grade 12.9 M5

steel bolt. Also steel washers (DIN 125-A-5.3-St) and steel

nuts (DIN 934-M5-8) were used for the single lap simple

and hybrid joints. Finally, by tightening the bolt using a

torque wrench, 0.25 and 5 Nm torque were employed to

the specimens.

2.1 Creating the Initial Cracks

In order to study the crack growth, the upper plate in the

simple bolted joints and also the upper adherend in the hybrid

joints must have an initial crack. For this purpose, the raw

plates of the dimensions of 36 mm 9 430 mm were cut. In

order to make a uniform crack initiation slit (crack starter),

super drill and wire cut machines were used. Then cyclic

loading was applied to the slit specimens until the crack

propagated (from the slit) up to a length of 12 mm. To make a

center crack, the midpoint of the 12 mm crack was drilled for

M5 bolt and the plates were machined again to the final width

of 30 mm by considering that the bolt hole and center cracks

were in the middle of the plates.

2.2 Clamping Force Measurement

Different clamping forces would be created in the shank of

the bolt as a result of different amounts of applied tight-

ening torque. In order to obtain a relation between the

tightening torque and bolt clamping force, an experimental

method was designed by using a steel machined bush that

was installed between the plate and the nut [28]. For

measuring the compressive strain in the steel bush due to

clamping force, two strain gages were glued on the outer

surface of the bush. Taking into consideration, the bush

material properties and measuring the strain from the strain

gages, the axial load and also clamping force of the bolt

were determined experimentally. The steel bush is shown

in Fig. 3. By applying 0–6 Nm torque to the nut with the

torque-wrench, two axial strains on the bush were mea-

sured and their average value was used to calculate the

clamping force at each tightening torque.

Fcl ¼ EBushABusheAv ¼ 204;188 � p
4

92 � 52
� �

eAv

¼ 89:8 � 105eAv Nð Þ ð1Þ

where ABush is the bush cross-section. Figure 4 shows the

linear relation between the clamping force and the tight-

ening torque; which confirmed that the steel bush was in

Table 1 Specimen dimensions and mechanical properties of Al-alloy

2024-T3 and adhesive

Al-alloy plate thickness, t (mm) 3.2

Adhesive layer thickness (mm) 0.3

Al-alloy plate length, L (mm) 170

Al-alloy Young’s modulus (GPa) 72

Adhesive Young’s modulus (GPa) 1.42

Al-alloy Poisson ratio 0.33

Adhesive Poisson ratio 0.3

Joints width, W (mm) 30

Initial crack length (mm) 12

Fig. 2 Monotonic true stress–strain curve of Al 2024-T3
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elastic deformation. For the same tightening torque, the

clamping forces were different for the hybrid and simple

bolted joints, possibly caused by the difference of friction

coefficients arising out of surface preparation in hybrid

joints.

2.3 Fatigue Crack Growth Tests

As mentioned earlier, a series of experimental fatigue crack

growth tests were carried out to study the effect of tight-

ening torque (clamping force) and bonding type of the

joint. Fatigue crack growth test was performed using a

servo-hydraulic 250 kN Zwick/Roell fatigue testing

machine with a frequency of 12 Hz and stress ratio of

R = 0 (Fig. 5). The maximum applied load was 12 kN in

sinusoidal wave form. To record the fatigue crack growth,

magnification lens with a high resolution digital camera/

recorder were used during the test time. The tests were

carried out with two different amounts of tightening torque

i.e. 0.25 Nm (finger tightening) and 5 Nm, which created

clamping force (in the shank of the bolt) of 244 and 4880 N

respectively for simple bolted joints and 210 and 4200 N

respectively for hybrid joints.

3 Results and Discussion

In this study, the effect of tightening torque (clamping

force) on the fatigue crack growth rate of cracked Alu-

minum alloy 2024-T3 single lap simple bolted and hybrid

Fig. 3 Image of steel bush and measuring clamping force

Fig. 4 The relation between tightening torque and clamping force

[28]

Fig. 5 Servo-hydraulic 250 kN

Zwick/Roell fatigue testing

machine and fatigue test

specimen
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(bolted/bonded) joints have been studied experimentally.

Two different clamping forces i.e. 244 and 4880 N for the

simple bolted joints and 210 and 4200 N for the hybrid

joints were applied. In the experimental tests, crack length

during the test time was recorded until complete fracture

occurred.

Figure 6 shows the fatigue crack growth of the simple

bolted and hybrid bolted/bonded joints as a function of the

number of the cycles. In the simple bolted joint, the fatigue

crack growth life with tightening torque of T = 0.25 and

T = 5 Nm are around 353,000 and 514,000 cycles,

respectively. Therefore, there is a 48 % improvement in the

fatigue life of the joint tightened by T = 5 Nm, over the

joint tightened by T = 0.25 Nm. For the hybrid joint, a

fatigue crack growth life of around 620,000 cycles is

observed with a tightening torque of 0.25 Nm while a

tightening torque of 5 Nm presents a fatigue crack growth

life of around 1,120,000 cycles. The improvement of the

life for this joint on increasing the clamped force reaches

almost 79 %. Comparison of the fatigue crack growth life

shows 75 % life improvement in the hybrid joint with

torque tightening of T = 0.25 Nm. This life improvement

for hybrid joint compared to the simple bolted joint has a

notable value of 220 %, even for specimens clamped with a

tightening torque of T = 5 Nm. This is in agreement with

earlier results which investigated the fatigue strength and

also the effect of tightening torque in double shear lap

bolted joints [29].

When a bolt-nut is used to join the mechanical parts,

tightening the nut by applying torque lead the parts to be

compressed together and a tension load is created in the

bolt, which clamps the parts of the joint together. This

compression can decrease the stress concentration around

the bolt hole and consequently the stress intensity factor by

closing the crack mouth. This condition leads to the

improvement in fatigue life.

As it can be seen from Fig. 6, the fatigue crack growth

rate decreases by increasing the clamping force and this

condition leads to the improvement of the fatigue life of

joints in both the simple bolted and hybrid (bolted/bonded)

joints. As mentioned earlier, this trend can be attributed to

the compressive stresses that are created around the bolt

hole due to the increase in the clamping force (tightening

torque). These compressive stresses lead to the improve-

ment in the fatigue life and decreases the fatigue crack

growth rate [15, 16]. For both the simple bolted and the

hybrid joints, the clamping forces are different with the

same tightening torque. Therefore, an increase in the fati-

gue life due to lower clamping forces in the hybrid joint

may even attribute to the difference in life between the

simple bolted and the hybrid joints.

In the hybrid joints, because of the interface load

transmission through the aluminum adherend and the

adhesive layer, the reduction in the stress concentration

around the hole is expected. In addition, in the hybrid joint,

due to presence of the adhesive layer, the metal to metal

contact is eliminated. So the fatigue fretting phenomenon

may be avoided. Therefore, the fatigue life of the joint is

improved [5, 30]. The experimental test results confirm that

the single lap hybrid (bolted/bonded) joints have better

fatigue life in comparison with the simple bolted joints. In

addition to the experimental results, the simulation of the

single lap bonded and hybrid (bolted/bonded) joints with a

flexible adhesive indicate that the fatigue life of the hybrid

joint is higher than the simple bolted joint [31].

Many assembled joints like the single lap joints involve

a combination of out of plane tension and shear loading.

This condition of loading is created by out of plane bending

effect. In simple bolted joints, because of the whole load is

transferred by the bolt, the stress concentration increases

around the bolt hole. From the observation of experimental

specimens of single lap simple bolted joints, there is a

crack length variation between the bolt side and overlap

side (during fatigue crack growth tests) due to out of plane

bending effect and stress concentration around the bolt.

Fig. 6 Fatigue crack growth as a function of cycle a simple bolted

joint, b hybrid joint
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The difference in crack lengths between the bolt side and

overlap side are shown in Fig. 7. An analysis of the

experimental results of the hybrid joints, shows that this

condition has also been observed during uniform crack

growth in the bolt side and overlap side. This variation is

not considerable and can be ignored. This state, when

associated with the adhesive, causes almost uniform stress

distribution and spreading of the stress on the whole region

of the overlap. It leads to propagation of the crack uni-

formly without the effect of bending deformation in com-

parison with the simple bolted joint (joint without

adhesive).

4 Conclusions

In this research, the effect of tightening torque (clamping

force) on the fatigue crack growth rate of cracked Alu-

minum alloy 2024-T3 single lap simple bolted and hybrid

(bolted/bonded) joints were investigated experimentally.

Two different amounts of clamping forces i.e. 244 and

4880 N for the simple bolted joints and 210 and 4200 N for

the hybrid joints were applied. The experimental tests

showed that for both types of joints, the compressive

stresses created around the bolt hole caused closure of the

crack mouth and also led to improvement of the fatigue life

of the joints. It was found that the hybrid joint with higher

clamping force had longer life and lower fatigue crack

growth rate compared to the other cases. Also shortest

fatigue life was observed in the simple joint with low

clamping force that was confirmed by the experimental

fatigue life tests.
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