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Abstract.Low weight is of great importance in a composite load-carrying pail of satellite 
structures. The purpose of this work is to investigate the possibility of reducing weight by 
replacing bolted joining of the composite structure with riveted joining since the weight of 
bolted joining structure is usually greater than that of riveted joining structure. The 
electromagnetic riveting (EMR) technique is used to rivet fiber composite laminates for this 
purpose. EMR technology and EMR process parameters are investigated in detail and 
comparison of the corresponding static strength between bolted joint and riveted joint is 
presented. Results indicated that the static strength of joint conducted by EMR did not decrease 
obviously, and EMR did not bring installation damage to fiber composite structures. Hence, 
bolted joining can be replaced with EMR in the composite load-carrying pail of satellite. As a 
result, the structure weight of load-carrying pail is significantly reduced. 
 
1. Introduction 
 
The widespread use of composite materials in aerospace industry has generated renewed 
interest in its material properties such as strength/weight ratios and modulus/weight ratios. Of 
particular interest is information on of interlaminar strength and capability of anti-delamination 
at interfaces in the composites and its impact on overall strength. In general, the interlaminar 
strength of composite laminates and its stretch ratio is relatively low, and the related capability 
of anti-delamination is usually weak. Compared to the metallic structure, joining technology in 
composite laminates is an significant issues with, 60~85 % structure failures occurring at the 
fastening joint [1]. In the satellite system considered here, the load-carrying pail is made of 
M40B-3000-40B carbon/epoxy composite laminates, which needs to be joined with the 
aluminum alloy structures in the pail.  
It is known that riveted joining was initially desired to be used in composite load carrying pail. 
It was immediately found that conventional pneumatic impact riveting technique often induced 
installation damage in the composite laminates due to impact load or no-uniformity of rivet 
shaft expansion. Moreover, the hydraulic squeezing machine often cannot reach the riveting 
areas because the interspaces of the composite pail are very narrow. Because of this, bolted 
joints were used in the pail. As a result, the weight of the pail increases about 1.5Kg due to use 
of bolted joining.  
The introduction of electromagnetic riveting (EMR) technique makes it possible to use riveting 
joints in satellite structures. EMR is in fact a powerful riveting technique which has been used 
in riveting metallic structures in aerospace industry, and can significantly improve the joining 
quality [2-4]. EMR is based on eddy current repulsion between a copper pancake coil and a 
copper driver plate. Two actuators are typically employed on opposing sides of the rivet. Each 
actuator is connected to its own capacitor bank by a coaxial pulse cable. After the capacitors 



 2

have been charged to a predetermined voltage, this stored energy is discharged through the coil. 
An intense magnetic pressure quickly develops between the coil and the driver plate, 
accelerating the driver into the rivet. There are some advantages with the EMR technique: the 
radial expansion of rivet shaft is well-distributed compared with conventional riveting 
techniques [5], the EMR force is a kind of impact force whose impacting distance is zero, so 
the impact damage to structures is negligible compared with pneumatic impact riveting [6]. 
Hence, EMR is suitable for riveting fibre composite laminates, especially riveting joint in 
satellite system. Furthermore, Code [7] pointed out that installation damage may be avoided in 
the process of composite laminates with EMR (named stress wave riveting in his paper). To the 
best of the authors’ knowledge, there is no published work on applying EMR in composite 
laminates. This work investigates the application of EMR technique to carbon fiber epoxy 
composite laminates. The major purpose is to explore the possibility of replacing bolted joining 
with riveted joining in fiber composites load-carrying pail of satellite to decrease the structure 
weight.  

 

2. Research on EMR technology 

 
The quality of joints with EMR technology is affected by several aspects such as the size of 
rivet tail and washer as well as clearance between rivet shaft and aperture wall. In addition, 
unlike in the conventional pneumatic and hydraulic installation methods, the strain rate needs 
also to be considered due to the impact force in the EMR process. As a result, the rivet 
formation dynamics of EMR technology is quite different from that involved in hydraulic and 
pneumatic systems [2]. Therefore EMR process parameters like size of rivet are different from 
those in conventional riveted joining. Each of these three parameters is discussed as below. 

 
2.1 Design for rivet tail dimension 
The size of rivet tail has an important effect on the quality of fibre composite structures. Thus, 
the proper choice of rivet tail dimension becomes an important issue in this field. So far, there 
is not a uniform standard which can be taken as reference in determining the rivet tail 
dimension of composite laminate. In general, the rivet tail dimension in metallic structures is 
empirically determined in practical manufacturing although it is noted that the standard below 
is employed in the Chinese aerospace industry [8]: the diameter of rivet tail is 1.3d~1.5d (d is 
the diameter of rivet), the height of rivet tail is 0.5~0.65d. Theoretically, the larger the rivet tail 
is, the larger riveting force is needed to forming rivet, and it may cause impact damage in 
composite laminates. In addition, larger rivet tail implies larger radial expansion which may 
cause delamination in composite laminates and will increase structure weight.  
It is known that carbon fiber/epoxy composites are brittle and easy to occur delamination 
during the manufacturing process. Moreover, the failure often occurs in the composite part, 
rather than in the fasteners of in the joint structure. Therefore, a large tail is generally not 
suitable for carbon/fiber composite structures. As such, the rivet tail dimension in composites 
structures should be less than that in metallic structures. Strength experimental studies on the 
carbon fiber/epoxy composite indicate that the rivet tail dimension of 1.2d in diameter, 0.4d in 
height, is enough to assure static strength. With reference to the rivet tail dimension in metallic 
structures, the rivet tail dimension in fibre composite laminates is suggested by authors: the 
least height is 0.4d and diameter is 1.2d~1.3d.  
 
2.2 Washer dimension 
Washers are also important in ensuring the quality of joints of fibre composite laminates in the 
EMR processing. Noting that the radial expansion is non-uniform and the largest radial 
expansion of shaft always occurs around the rivet tail, the bulgy shaft will extrude the aperture 
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wall which may lead to delaminate when using conventional riveting methods. The major 
function of the washer is restricting shaft radial expanding and thus effectively preventing the 
joint structure from delamination. Normal washers used in metal structures are not suitable for 
fibre composite laminates due to its lager inner diameter and low rigidity. Our experiments 
revealed that the washers with smaller inner diameter and lager thickness(or high rigidity 
equivalently) can effectively restrict shaft expansion. The capability of absorbing forming work 
depends on the inner diameter and the thickness controls the stiffness of washer. While the 
outer diameter can affect the capability of failure during forming of the rivet. Воробей[1] 
found that the optimal ratio of outer diameter and inner diameter is between 2.0~2.5. To obtain 
the appropriate dimension of washer a series of riveting experiments has been done and their 
results are listed in Table 1. It should be mentioned that the inner diameter of washer should be 
taken to be the lower limit and outer diameter to be upper limit if the material of washer is 
stainless steel.  
Table 1        The dimensions of washer  
Dia. of rivet (mm) 3.0 3.5 4.0 
Materials of washer Titanium alloy or 

Stainless steel 
Titanium alloy or 
Stainless steel 

Titanium alloy  

Nominal size 3.1 3.6 4.1 Inner 
Dia.(mm) Tolerance -0.02~+0.06 -0.02~+0.1 -0.02~+0.1 

Nominal size 7 8 9 Outer 
Dia.(mm) Tolerance +0.5 +1.0 +1.0 
The least thickness (mm) 0.8 0.8 1.0 

 
2.3 Clearance between rivet shaft and aperture wall 
The clearance between rivet shaft and aperture wall can affect the riveting quality. Our riveting 
experiments using EMR indicated that good riveting quality can be achieved when the 
clearance is 0.3mm and 0.4mm, but the interference in the riveted joint is larger when the 
clearance is 0.3mm. It has also been observed that composite laminates are often damaged 
when the clearance is 0.2mm or less and the rivets are always askew if clearance is more than 
0.4mm. Therefore the clearance between rivet shaft and aperture wall should be 0.3~0.4mm for 
the riveting structure under consideration.  
 
3 Strength testing 
 

 To explore the possibility of replacing bolted joining with riveted joining in load-carrying pail 
of a satellite, testing on mechanical behavior, like strength of joint, is required. To this end, 
both the pull-through testing and shear testing were considered. The testing methods is based 
on GJB715, with the procedure has been described in [9], omit those details for the sake of 
conciseness. The specimen used in this work is shown in figure 1 and figure 2, a LY12 
aluminum alloy and a M40B-3000-40B carbon/epoxy composite laminate with thicknesses of 
2.5mm and 3.2mm respectively. Bolt materials and rivet materials are chosen to be 1Cr18Ni9Ti 
stainless steel and washer material is of TC4 titanium alloy with inner diameter of 4.14mm, 
outer diameter of 9.0mm, and thickness of 1.0mm. The washer is used on the rivet tail side 
only, The bolt screwing down moment is 2.5NM and both sides have washers.  
Testing was conducted on a CSS—1105 material testing machine at the material testing 
laboratory of Northwestern Polytechnical University. The loading velocity used in the test is 
0.5mm/Min. To ensure uniform loading can be applied to the sample, an assistant jig was used 
in pull-through testing. 
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Fig. 1 pull-through strength testing specimen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 shear strength testing specimen 
 
Tables 2 and 3 list the results of strength testing. It can be seen from the table 2 that the shear 
strength of the riveted joint is almost equal to the strength of bolted joint on average. It can be 
seen that the initial failure strength of riveted joint is about 17% higher than that of bolted joint 
on average. In contrast, the maximal failure strength of riveted joint is about 3.3% less than 
that of bolted joint on average. As for the test on pull-through strength, it is found from the 
table 3 that both the initial and maximum failure strength of riveted joint is slightly lower than 
those of bolted joint. Typically, the average initial and maximal failure strength are, 
respectively, 6.3% and 9.2% lower than those of bolted joint. This difference is acceptable in 
manufacturing of the pail. The decrease in strength of rivet joint may be due to the both sides 
of bolted joint having washers in bolted joint, while riveted joints having one washer only. As a 
result, the load of bolted joint is bigger than riveted joint.  
Table 2              Shear strength (KN, tail diameter=1.3d) 

Specimen No. 1 2 3 4 5 6 Average 
strength 

initial failure 
strength 

3.20 4.10 3.40 4.30 3.78 3.14 3.66 

riveted 
joint 

maxima failure 
strength 

5.65 5.89 5.54 5.68 5.50 5.35 5.60 

Aluminum panel  
Thickness 2.5mm 

100 

100 35 

180 

Aluminum panel  
Thickness 3.2mm 

25 

100 

10
0 

25 

Composites laminate  
Thickness 3.2mm 

Fastener 

25
 

Composites laminate 
Thickness 2.5mm 
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initial failure 
strength 

3.10 3.30 3.12 3.10 3.09 3.14 3.14 Bolted 
joint 

Maxima failure 
strength 

5.49 5.48 5.98 5.91 5.98 5.88 5.79 

 * 
Table 3         Pull-through strength (KN, tail diameter=1.2d) 

Specimen No. 1 2 3 4 5 Average strength 
initial failure 
strength 

1.63 1.60 1.68 1.60  1.63 
Riveted 
joint 

maxima failure 
strength 

2.10 2.07 2.11 1.99  2.07 

Bolted 
joint 

initial failure 
strength 

1.68 1.73 1.83 1.68 1.80 1.74 

 
4. Damage inspecting 
Fig. 3 shows the X-ray photograph of the specimen riveted using EMR technique. The test 
was conducted on a Philip MG160 X-ray detector. In the test, the diameters of the rivet and 
the aperture used are of 3.0mm and 3.31mm, respectively. The material of washer is chosen to 
be titanium-TC4 with inner diameter of 3.1mm, outer diameter of 7.0mm, and thickness of 
1.0mm. There are 4 apertures in the specimen, the first and the second are original apertures, 
and there are rivets in the remaining two apertures. After riveting, the rivet head and tail are 
milled out, and the shaft in the fourth aperture is hammered out using a thin pin. During 
hammering, some damage is created intentionally to test if the inspection method is effective.  
It is evident from the photograph shown in Fig 3 that there appears some damage in the fourth 
aperture, which proves that the X-ray inspection is capable of detecting damage in the 
specimen. There are some small damages in the first, the second and the third aperture, which 
were created during drilling, and these damages are smaller than the largest damage 
dimensions (deep 0.25mm, width 0.33mm, length less quarter girth of aperture) reported in 
the standard [9]. Therefore these damages can be ignored from the practical point of view. It 
is also found that there is no obvious difference between the first aperture and the third 
aperture in the photograph. All these indicated that the EMR technique did not cause damage 
too much in the composite laminate. Therefore, EMR can be implemented into composite 
laminates to produce riveted joints for replacing bolted joints in composite load-carrying pail 
of satellite.  

 
Fig. 4 X-ray photograph of the riveted specimen 

5. Conclusions 

Experiments have been conducted on the strength of riveted joints and the results indicated that 
riveted joints can be used to replace bolted joints in composite load-carrying pail of satellite. 
Based on the results presented in this work following conclusions can be further made: 
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 EMR is a new riveting technique which conventional riveting process parameters are not 
suitable for. EMR must adopt the special washer in fiber composites laminates to achieve 
high processing quality. The washer should have smaller inner diameter and larger outer 
diameter than those used in conventional riveting methods. The clearance between riveted 
shaft and aperture wall is suggested to be between 0.3~0.4mm when EMR is used to 
riveting fibre composite laminates. 

 EMR does not cause installation damage too much in carbon/fiber composites when 
appropriate process parameters are adopted. 

 The static strength of joint did not decrease obviously when bolted joining is replaced by 
EMR in fiber composite laminates, so EMR can replace bolted joining in composite 
load-carrying pail of satellite, and the weigh can be significantly reduced. 
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