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Abstract
Assembly is one of the most important stages in the aeronautical sector. Among the different joining technologies
involved during this process, the mechanical union by riveting is the most commonly used. At the same time there are
some types of blind rivets which entail a problem with respect to aerodynamic and design. In particular, an excess shank
protrudes over the rivet head and has to be removed by an operation known as rivet shaving. Conventionally, rivet shaving
is done manually by an operator, with the consequent drawbacks that this entails in terms of repetitiveness, production
times, functional performance, etc. Concerning that, nowadays there is a tendency to rivet shaving automation. To do it
effectively, it is necessary a complete characterization of the process because of the absence of technical information
about it. Therefore, in the present paper is going to be described a series of experiments in which have been analysed the
tool wear mechanisms and the cutting forces obtained during a series of preliminary tests. Finally, thanks to the acquired
knowledge, it is going to be possible to facilitate the design of robots and machines which will be able to complete the
operation automatically and will facilitate their insertion within the industry.
Keywords: rivet shaving; aeronautical sector; automation; tool wear; cutting forces

1. Introduction
Rivet shaving can be defined as the machining operation in charge of removing the excess of a threaded blind rivet
after it has been installed (Fig. 1.), in order to prevent this excess from emerging with respect to the surface. This ensures
that the parts are within the required dimensional tolerances and also prevents these excess shanks from interfering with
the aerodynamics of the aircraft, when it comes to parts of the fuselage.
This is a process of which there is not much information, although it is an operation that is carried out industrially,
especially within the aeronautical sector. This means that it is an operation whose knowledge is not disseminated, so that
many parameters and characteristics of that process are not properly studied. Previous to this study only isolated papers
[1], [2], [3] and some patents [4], [5], [6], [7], [8] could be found. But it is not have been spread neither a general nor a
specific knowledge about this operation. That is why, it is said that there exists a lack of information about it.
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On the other hand, nowadays there are important companies of the aeronautical sector that are concerned about the
rivet shaving process automation, but there exists a lack of information about this machining operation. A good detail to
realize the impact that the automation of this process can have is that a medium-sized aircraft counts approximately with
85,000 rivets [9], of which 400 rivets need to be shaved. Authors like Barry et al. [1], [2], [3] have developed automatic
solutions, but it has been mainly done through machines of great size and low flexibility which requires a great investment.
However, nowadays it is not what companies need [10]. A direct solution to make easier the transition to this goal is to
make a complete characterization of the process by means of an experimental methodology. In this sense, in this paper
prior to the experimental methodology development have been completed some preliminary experiments through which
it is going to be shown new results and information about the rivet shaving operation.

Fig. 1. Remaining shank which needs to be removed after rivet installation
The threaded blind rivets are usually composed of the following parts of Fig. 2. As it was mention before, this type of
rivets involves a problem, an excess shank protrudes over the rivet head and need to be removed by a machining operation,
known as rivet shaving.

Fig. 2. Threaded blind rivets parts
Knowing the problem that this types of rivets entails, according to the information consulted in [3], it can be observed
that the only requisite demanded in terms of quality of the operation is a dimensional control. As it is shown, after the
process is completed, the shank dimensions need to be within a tolerance range, normally of +/- 0.025 (mm) [2]. Among
the different parts shown in Fig. 2. the corebolt is the one which needs to be machined, and therefore the one which has
more interest from rivet shaving point of view. Specifically, one of the material most used to compose the corebolt is the
alloy A-286 [11], [12], [13], due to the good mechanical properties that gives to the rivet and its good resistance at high
temperature [14]. Thereby, the analysis of the rivet shaving process is going to be developed through this alloy, due to it
is considered the most representative. Next, we are going to talk about one of the most used technologies to perform this
operation. In particular, the one used by the machine Zephyr 507C, design and made by Zephyr manufacturer. It is one
of the manual tools most used by the different companies in the aeronautical sector due to its excellent results in machining
operations. This is shown together with an example of a cutting tool compatible with that machine in Fig. 3. If we focus
on the cutting technology used by this machine, it is essentially a milling process, except that it involves an extra
movement to obtain better finishing conditions. Specifically, a one-piece milling cutter with geometry similar to a
cylindrical milling cutter performs a series of movements as it is shown. There exists a double rotation of the cutting tool
plus a feed movement that is usually done longitudinally or transversally with respect to the rivet shank, as it is shown.
So this operation is usually executed following a vertical trajectory or a horizontal trajectory. In that way, from now on
this technology is going to be known as combined motion milling process.
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Fig 3. Zephyr 507C rivet shaver and an example of compatible tool [12]
If we focus on the vertical trajectory, when the operator executes it, he must make a push force towards the rivet,
similar to what happens in manual drilling operations. In addition, when executing the operation, the operator must
support lateral forces in the XY plane, so that the tool tends to leave the machining area. A scheme of the above
commented can be seen in Fig. 4.

Fig. 4. Machining strategies in the combined motion milling process

Fig. 5. Forces during shaving operation
As it was said above, since rivets with A-286 steel core are one of the most used in the aeronautical sector, it can be
said that they are the most representative case. Bearing this in mind, a series of aspects of the operation will be described.
According to the manufacturer Zephyr, there are a series of models of cutting tools, all of them composed of tungsten
carbide. To find out if this material is valid when machining A-286 steel, it has been carried out a bibliographic search
about the machining of this alloy regardless to the type of operation. As can be seen in Table 1. it has been verified that
in general terms tungsten carbide with TiAlN coating is generally the most used. So this material is considered suitable
for this purpose.
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Reference
[15]
[16]
[17]
[18]

Paper Title
Micro-machinability of A-286 Steel with and without Laser
Assist
Environmental-friendly turning of A286 superalloy
The modified surface properties and fatigue life of Incoloy
A286 face-milled at different cutting parameters
Performance of ceramic tools in high-speed cutting ironbased superalloys

Cutting tool material
Carburo de Wolframio/Tungsteno con
recubrimiento TiAlN
Carburo de Wolframio/Tungsteno
Carburo de Wolframio/Tungsteno con
recubrimiento TiAlN
Ceramic: Sialon
Ceramic: Al2O3+SiCw
Ceramic: Al2O3+Ti(C,N)

Table 1. Materials used for machining A-286 Steel according to bibliography
Similarly, it was searched information about the wear of tungsten carbide tools during the machining of alloy A-286.
There no exist articles or books referring to the "shaving" of this alloy, then it has been sought information about other
types of operations such as turning or milling of this material.
In this way, it has been found that the wear mechanisms that usually take place are:
• Mechanical failure, in the form of chipping, mainly due to the high tenacity of the material. The properties of
high strength, mechanical hardening and adhesion hardening result in notch wear and an extremely abrasive
environment for the edge. The tendency for notch wear to form on the edge increases as the cutting depth
increases [19], [20].
• Adhesion, mainly of secondary or indirect type. In particular, these appear in the form of a layer adhered to the
flank face (BUL) and a cutting edge (BUE) [21]. This is especially true for dry machining [18].
• Abrasion. The high resistance of alloy A-286, together with the mechanical hardening of the part after machining,
create an extremely abrasive environment.
• Corrosion and diffusion wear, which are accentuated due to the high temperatures generated in the cutting area
[19], [22].
As the authors Musavi et al. indicate in [16], due to the high temperatures that are created during the machining of
this alloy, the application of some type of refrigeration can become very interesting. In particular, tool life can be increased
up to 200%. Finally, as it was mentioned previously, rivet shaving is a machining operation that is executed entirely
manually, and nowadays there exists a trend towards its automation.
However, solutions that provide flexibility are preferred to large-scale machines such as automatic gantries [1], [2],
[3], with very little flexibility and very high costs. Thus, there is a trend towards the use of robotic arms and tricept-type
robots with heads adapted to each need [23]. To dimension them, it is necessary to know more details about the process,
however there exists a lack of information which justify the goal of this paper, a complete characterization of the rivet
shaving process. In this way, in addition to the information gathered, some preliminary experiments carried out will be
analysed.
2. Experimental Procedure
In this section, the different elements used during the preliminary tests will be described. A Kistler 9255b
Dynamometer was placed on a Heller FTC 1000 universal milling machine to carry out the experiments (see Fig. ). This
Dynamometer was bolted to the table area of the Heller milling machine and the riveted workpiece was then placed and
fixed on the Kistler Dynamometer. Then, for the signal acquisition, a Kistler 5019b signal conditioner was connected to
the Kistler dynamometer table. At the same time, these devices were connected to a computer with the LabVIEW software
installed and prepared to capture and save the force signals that would be generated during the tests. The set of equipment
used for the acquisition of signals can also be observed in Fig. .
Once the set of equipment required to perform the test had been assembled, the Zephyr 507C tool was connected to
an air intake at 6 bar pressure. The threaded blind rivet selected for the tests was a Composi-Lok II, from the manufacturer
MONOGRAM, made of the following materials shown in Table 2.
Parts
Corebolt
Insert
Nut
Sleeve

Material
A-286 Alloy
Acetal
Ti6Al4V
AISI 304

Table 2. Materials forming the selected rivet
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Finally, it was used a custom-made tungsten carbide and cobalt tool from Zephyr Manufacturer [24]. This tool had 37
cutting edges and a diameter of 28.5 (mm). Then, with all the equipment correctly positioned and connected, the shaving
tests were performed manually, as shown in Fig. 6. In this case, a combined motion milling was performed following a
vertical strategy by means of a Zephyr 507C machine. Considering this, in the results the Z component of the force must
have a significant magnitude with respect to the resulting total force, as mentioned above. Finally, once the four tests had
been completed, the signals were saved using LabVIEW software and then an analysis of the most relevant data was
carried out.

(a)

(b)

Fig. 6. Elements for the execution of the tests. (a) Equipment for signals acquisition; (b) Elements for machining
Finally, after the execution of the tests, the worn tool provided by the collaborating company was evaluated. The
evaluation was carried out using a Nikon SMZ800 stereoscopic microscope.
3. Results
3.1. Forces analysis
Once the assembly of the different equipment used has been described, this section will show the results obtained
during these tests. Four shaving tests were carried out to characterize the forces that exist during the operation. Each of
them was carried out manually and following vertical trajectories as can be seen in Fig. 6.

Fig. 7. Diagram of the four tests carried out
As mentioned in the previous section, the forces were obtained like signals, some of which are shown in the graphs in
Fig. and Fig. . From the analysis of these signals, were obtained the maximum values of the amplitudes of the most
relevant forces, obtaining the data from Table 3. When the Fmax and Fz,max forces of the Table 3. are observed, it can
be seen that there exists important differences among them. This could be explained by the fact that all tests were
performed manually and it is known that there is no repeatability in manual operations. It can also influence aspects such
as trajectories, which will not be completely vertical so the values of the force components could vary in each case.
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Test
1
2
3
4

Maximum Resulting Force, Fmax (N)
14,14
59,30
13,05
17,09

Maximum Z-axis force, Fz,max (N)
19,56
40,77
29,74
7,08

Table 3. Test results
From the previous data, it can be observed that the force in Z is very significant and has an important maximum
amplitude of up to 40 N. This coincides with what was mention before, where it was estimated that when a vertical
trajectory is chosen and the tool is forced to machine along that path, the thrust force must be of great importance. In
addition, the resulting force, which is ultimately the force that the robot intended to perform the operation will have to
withstand, can be of high magnitudes, specifically reaching up to 60 N during test 2, as can be seen in Table 3.

Fig. 8. X, Y, Z force components as a function of time (test 3)
On the other hand, it is observed in Fig. .b that the forces in X and Y are of minor magnitudes, but it should be noted
that punctual peaks of up to +/- 15 N can appear. Thus, a variation of up to 30 N is experienced in these axes, which will
cause the tool to be pushed out of the rivet due to these lateral forces originated in the XY plane. In addition, as shown in
Fig. 9.a. these forces have been broken down into radial and normal components with respect to the rotation of the tool,
but there are hardly any noticeable differences.

(a)

(b)

Fig. 9. Signals obtained in test 4. (a) radial and normal forces; (b) x and y forces
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3.2. Tool wear mechanisms
Next, we are going to analyze the tool wear mechanisms that appear in the operation thanks to a company in the
aeronautical sector supplied us with a worn shaving tool. This had been used in manual shaving operations of rivets with
shank made of A-286. The number of shavings performed with it is unknown, but it is known that it is worn and at the
end of its useful life. The tool provided can be seen in Fig. .
First of all, macrographies were taken of the areas of the tool where a more relevant wear is observed by means of the
Nikon SMZ 800 stereoscopic microscope. They are shown in Fig. at a magnification of x10 and x20.
The wear observed in the tool will be compared with the wear mechanisms that usually appear when machining alloy A286, which were compiled from the different bibliographical references [15], [17], [19]. Taking into account the
bibliography when analysing the macrographies, it has been observed the following wear mechanisms:
• Mechanic failure. It is located in the form of non-uniform chipping, in random locations, in the same way as
indicated in ISO 8688. This is shown in pictures (b), (c) and (d) in Fig. .
• Adhesion. In the same way as wear due to mechanical failure, this is a wear that usually appears when machining
alloy A-286. It is mentioned that this wear is accentuated by two phenomena, the high machining temperatures
and second by the chemical affinity between tool and part. This can be seen in images (a), (b) and (c), in Fig. 11.
• Abrasion. In this case, we can observe areas where there are abrasion wear, as in images (a) and (c) in Fig. 11.

Fig. 10. Worn shaving tool provided

(a)

(b)

(c)

(d)

Fig. 11. Tool wear mechanisms in the shaving tool provided
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In order to know the magnitude of chipping wear, it has been taken four measurements of the chipping size, which can
be observed in Table 4. And Fig. 12. The measurements have been taken with the free software ImageJ.
M1 (mm)
0.422

M2 (mm)
0.433

M3 (mm)
0.338

M4 (mm)
0.231

Table 4. Measurements of parameter VB taken on the shaving tool

Fig. 12. Measurements of the chipping size
4.

Conclusions

As has been proven throughout the search for information on the rivet shaving operation, there is a significant lack of
knowledge. Thus, in view of the current automation needs of some companies in the aeronautical sector, new details on
rivet shaving have been obtained through the different tests and evaluations. This will facilitate the contextualization and
design of a future experimental methodology that will allow the characterization of the process.
Among the information collected, it has been analysed the combined motion milling process, the one most used for
rivet shaving in the aeronautical sector. It is the technology employed by the Zephyr 507C machine and it permits to
obtain a very good finishing results. Considering that rivets with A-286 steel core are one of the most used in the
aeronautical sector, it has been found that tungsten carbide tools seem to be a good solution as it is indicated in the
bibliography.
On the other hand, throughout the forces analysis can be concluded that during combined motion milling process with
vertical strategy, the Z component of the forces has a significant importance. Although, the components in the XY plane
cannot be forgotten. Also, some forces values have been obtained, being 60 N the maximum in Z component, and a range
of 30 N in the forces which take place in the XY plane. For the first time, the wear mechanisms of a cutting tool designed
for shaving rivets of A-286 material have been analysed, observing that there are mainly mechanical failures, adhesion
and abrasion. Despite the lack of information on this operation, sufficient information has been collected to carry out and
analyse preliminary tests, which have yielded new results in this respect. Among other things, they will facilitate the
automation of the rivet shaving process.
Finally, the next step after this research is, from the results obtained here, to develop and carry out an experimental
methodology to make a more complete and detailed characterization of the rivet shaving process.
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