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Abstract
A new method and tool for processing a large number of small fastener holes in high-strength Al alloy structures through cold 
plastic deformation have been developed in order to decrease labor and operational time by following the high fatigue resist-
ance requirement. The deforming portion of the tool has been specifically profiled in cross section so that the contact with 
the hole surface is disrupted. The diameter of the circumference around the deforming portion is greater than the diameter 
of a preliminary drilled and reamed hole. The tool and hole have a common axis around which the tool is rotating and, at the 
same time, moving along the same axis while passing through the hole. Thus, this method produces three main beneficial 
effects: hole cold expansion, surface plastic deformation (mixed burnishing) and microstructure modification (friction stir 
and torsion). These three effects have been studied and proven through an experiment and 3D FEM simulations. An integral 
evaluation of the proposed method and tool has been made through fatigue tests of cyclic tension. The obtained S–N curves 
prove that the fatigue life increases significantly in comparison with the case of only drilled and reamed holes. Based on 
the conducted studies, a super-combined tool that consequently performs drilling, reaming and cold plastic deformation has 
been designed and manufactured. This tool significantly increases the productivity of processing a large number of fastener 
holes in aluminum structures.

Keywords 2024-T3 Al alloy · Fatigue life enhancement · Hole cold expansion · Surface plastic deformation · Cyclic tensile 
test · FEM simulations

List of symbols
A5  Elongation
d  Diameter of the circle inscribed in the contour of 

the cross section of the tool deforming portion
d0  Diameter of the hole after reaming
D  Diameter of the circle circumscribed over the tool 

deforming portion
E  Young’s modulus
f   Feed rate
h  Height of workpiece
i  Interference fit (tightness)
n  Strain hardening coefficient

N  Number of cycles to failure
P  Tensile load
r  Radius of curvature
R  Load ratio
Ra  Surface roughness
Rz  Height of the initial roughness
v  Burnishing velocity
xi  Governing factors
Y   Objective function
z  Number of the tool walls
�log  Logarithmic strain
�nom  Nominal strain
�  Poisson’s ratio
�  Remote stress
�nom  Nominal stress
�t  Hoop stress
�true  True stress
�u  Ultimate stress
�y  Yield limit
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Abbreviations
CNC  Computer numerical control
FEM  Finite element method
FSHE  Friction stir hole expansion
HCE  Hole cold expansion
MSM  Microstructure modification
SB  Slide burnishing
SPD  Surface plastic deformation

1 Introduction

High-strength aluminum alloys, including 2024-T3, are 
primarily found in building structures where a high fatigue 
resistance and high strength to weight ratio are among the 
main requirements. Airplane structures are one such exam-
ple as they are characterized by a large number of fastener 
holes. In order to increase fatigue resistance, these holes are 
processed through a cold plastic deformation, most often 
using the split sleeve method [1]. This process is time-con-
suming, and it requires a skilled technician to accomplish. 
Since not all fastener holes are loaded at a maximum, this 
method is only employed where it is absolutely necessary. 
The other, “less responsible” holes, could be processed using 
a different method—one that does not reduce the metrics of 
quality to an unacceptable level (especially the high fatigue 
resistance metrics), but it drastically decreases all costs 
related to processing a large number of holes, thus increas-
ing the efficiency of processing. This is why, a new method 
and tool for cold plastic deformation of fastener holes need 
to be developed in order to reduce labor and time by keeping 
the high fatigue resistance standards at the same time.

Based on the “friction stir hole expansion” method 
(FSHE), a concept for processing a large number of “less 
responsible” fastener holes has been developed in [2]. The 
essence of the FSHE method can be summed up as follows: 
in a preliminary drilled and reamed hole, a conical–cylin-
drical mandrel is introduced with maximum diameter that 
is bigger than the diameter of the hole; the mandrel rotates 
around its axis (it coincides with the axis of the hole), and it 
moves along that axis at the same time. Factually speaking, 
FSHE that has been developed for application on fastener 
holes in aluminum alloys is based on the famous friction stir 
processing technique [3, 4].

The well-known methods for processing fastener holes 
through plastic deformation aimed at increasing fatigue life, 
in general, lead to the following two effects—macro- and 
microeffects. The macroeffect is characterized by the intro-
duction of beneficial residual compressive hoop stresses 
whose aim is to lower the rate of formation of fatigue micro-
cracks. The essence of the microeffect is in modifying the 
microstructure of the material in the superficial layers of the 
hole. This is expressed in grain refining, homogenization 

and pores reduction. As a result from the microeffect, the 
plasticity and the fatigue strength of the layers with modified 
microstructure are increased. The methods known as split 
sleeve, split mandrel [5], symmetric cold expansion [6, 7] 
(united under the group of mandrel coldworking methods) 
and the stress wave method [8, 9] produce an impressive 
macroeffect, while the microeffect is practically absent. 
FSHE creates both effects, but the benefit of this method is 
primarily due to the microeffect, as the macroeffect is sig-
nificantly smaller in comparison with the one created by the 
mandrel coldworking and stress wave methods. This is why 
FSHE is a hybrid method. The microeffect in this method is 
the result of intensive friction forces between the tool and 
the hole surface moving in an axial direction. Because of 
this, the beneficial effect manifests itself in the superficial 
layer. On the other hand, the continuous contact in the cross 
section of the hole limits the speed of rotation of the tool. 
This is so because of the negative impact of the generated 
heat in the formation of residual compressive hoop stresses. 
Such a rotation speed limitation leads to a lower productiv-
ity of the FSHE method. Using a different kind of hybrid 
method can result in higher levels of productivity which will 
provide a sufficient microeffect and a significantly greater 
macroeffect. Such a method can be the combination of sur-
face plastic deformation (SPD) of the hole with a sliding 
friction contact and of cold hole expansion. This will inter-
rupt the cross-sectional contact between the tool and the 
hole surface.

The “deep rolling” finishing process developed by Ecoroll 
primarily aims to increase fatigue strength, respectively, to 
increase the fatigue life of the processed surface. In order to 
achieve this goal, deep rolling simultaneously produces three 
effects: (1) the introduction of beneficial residual compres-
sive hoop stresses with a depth of 0.8 mm ; (2) coldwork; 
(3) burnishing. In its essence, deep rolling belongs to the 
SPD methods.

When it comes to the process of deep rolling, SPD of 
small holes ( 4 ÷ 12 mm ) is a problematic endeavor. It is 
obvious that diamond burnishing [10] is very difficult to 
carry out for holes with the aforementioned diameters and 
interval of variation. The ballizing process [11] is applica-
ble to small holes, but it is characterized by low productiv-
ity. The spherical mandrelling method [12] eliminates the 
downside of low productivity, but due to the crossing of the 
axes of the tool and the hole, the length of the hole that can 
be processed is limited. “Deep rolling” with a hydrostatic 
sphere cannot be applied to such holes, since the minimum 
hole diameter that can be processed with the Ecoroll tools 
is 19 mm [13]. The roller tools of Ecoroll can process holes 
with a minimum diameter of 4 mm. However, they are car-
rying out the “roller burnishing” process, which means they 
are primarily producing burnishing, while the introduced 
residual stresses and coldwork are rather symbolic. For the 



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:203 

1 3

Page 3 of 17 203

needs of the aircraft industry, Chris et al. [14] have devel-
oped a method and a tool for surface finishing of fastener 
holes in high-tensile 2024-T3 aluminum alloy. The tool 
allows reaming a hole to an exact final diameter. At the same 
time, it is carrying out an SPD of the hole in order to intro-
duce beneficial residual compressive stresses. Unfortunately, 
there are no known reports concerning the experimental ver-
ification of the effectiveness of this tool. There is a tool [2], 
with a K-profile in cross section that has a small interference 
fit, and it produces a burnishing effect. The effectiveness of 
applying this tool has not been widely studied.

The present study presents a method and a tool for pro-
cessing small fastener holes (4–12 mm) through plastic 
deformation of preliminary drilled and reamed holes. The 
kinematics of the method (Fig. 1) is the same as of FSHE: 
the tool and the hole have a common axis; the tool (the 
workpiece) is rotating around that axis, and it is simultane-
ously moving in the direction of that same axis, while the 
workpiece (the tool) remains static. The tool has a coni-
cal–cylindrical working part. The circumference diameter 
around the cylindrical deforming portion is bigger than the 
one of the preliminary drilled and reamed holes. The tool 
deforming portion has been profiled in cross section in a 
suitable way. Thus, the contact between the tool deforming 
portion and the hole surface is interrupted in cross section. 

This method can be utilized using conventional and CNC 
machine tools, as well as manual machines.

The main purpose of this article is to present the capa-
bilities of the method and tool developed by the authors for 
increasing the fatigue life of small fastener holes in 2023-T3 
Al alloy.

2  Essence of the proposed method and tool

The fastener holes are stress and strain concentrators and, 
respectively, are potential sites for formation and propaga-
tion of fatigue macrocracks. It is known that in flat speci-
mens with holes, subjected to tensile load, the operating 
stresses in the stress concentrator are approximately three 
times greater than the nominal ones (Fig. 2). In the presence 
of dynamic load, the points from the hole surface belonging 
to the critical cross section are a potential place for forma-
tion and propagation of first-mode fatigue macrocracks.

In the process of production of metal workpieces a large 
number of defects (dislocations) arise in the polycrystals 
in the microstructure of these metals. Numerous disloca-
tion configurations are formed due to plastic deformations 
at microlevel with large local microstresses. Due to external 
cyclical load, these local defects are a cause for nucleation 

Fig. 1  Kinematics of the proposed method
Fig. 2  Stress distribution at critical point of holed structural compo-
nent undergoing a tensile load
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of fatigue microcracks. With prolonged cyclic loading, these 
microcracks merge and form a fatigue macrocrack with rel-
ative magnitude of 100 μm . Under certain conditions the 
formed macrocrack propagates until the complete destroying 
of the respective structural or machine element.

At the beginning of the 1920s of the last century, the 
famous English scientist A. A. Griffith noted that the insuf-
ficient strength of the isotropic solids is due to material 
defects, as the major dimensions of these defects are large 
compared to intermolecular distances; the effective strength 
of the technical materials could be increased 10–20 times if 
these defects could be removed. In the process of producing 
the metal, and subsequently of the workpiece, eliminating 
these defects for now is impossible. To obtain a new quality 
of the material around the fastener holes in order to delay the 
propagation of the fatigue macrocracks, starting from stress 
concentrators (see Fig. 2), an impact (mechanical, thermal, 
chemical or combined) can be applied in the area surround-
ing the stress concentrator, before the respective components 
are put into operation. By limiting to mechanical impact, 
the result of this impact can be expressed in one of the three 
main beneficial effects (Fig. 3) and combinations thereof:

1. a zone with residual hoop normal stresses around the 
hole of sufficient depth, that area similarly to a clamp to 
close the first-mode fatigue macrocrack and thus to delay 
its propagation;

2. SPD of the hole, producing three beneficial effects 
simultaneously: introducing residual compressive 
stresses into the surface and subsurface layers, cold-
working and burnishing;

3. modification of the material microstructure around the 
fastener hole, expressed in grain refining, homogeniza-
tion and pores reduction.

The three main effects, for the sake of brevity, can be 
called, respectively, hole cold expansion (HCE); SPD; 
microstructure modification (MSM).

The HCE effect is created by the so-called mandrel cold-
working methods (split sleeve, split mandrel, symmetric cold 
expansion). Although the essence of the stress wave method 
is fundamentally different from that of mandrel coldworking 
methods, stress wave also creates a wide area with beneficial 
residual stresses around the hole. Mandrel coldworking and 
stress wave methods increase tens of times the fatigue life of 
structural components with fastener holes. As a whole, man-
drel coldworking methods require special equipment and 
trained operators. Since these methods require mandatory 
final reaming, they produce only HCE effect.

SPD effect is created by the so-called mixed burnish-
ing methods [15, 16]. For instance, it has been proven [17, 
18] that slide burnishing (SB) can be applied as mixed 
burnishing.

MSM effect is created by friction stir processing tech-
nique, but this technique in its pure form is not applicable to 
small holes. Partial friction stir effect of the hole surface is 
achieved by FSHE method.

Direct cold expansion method (without intermediary 
between the mandrel and hole surface) produces a combi-
nation of HCE and SPD effects. FSHE method produces a 
combination of CHE and MSM effects. SB of Al alloys is 
mixed burnishing. In other words, SB combines SPD and 
MSM effects.

In accordance with the concept of processing a large 
number of fastener holes [2], the present paper proposes 
a hybrid method that combines the three major beneficial 
effects (HCE, SPD and MSM) and requires no special equip-
ment and trained operators. Although the kinematics of the 
proposed method (see Fig. 1) is the same as that of the FSHE 

Fig. 3  Morphological table—
justification of the proposed 
method
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method, the new quality is due to the new tool. Figure 4a 
shows the deforming portion of the new tool. The cross sec-
tion of the deforming portion has such a profile that allows 
the contact with the hole surface to be interrupted. The dif-
ference between the diameter D of the circle circumscribed 
over the tool deforming portion (see Fig. 4a) and the hole 
diameter d0 , obtained after reaming, provides the necessary 
interference fit i (tightness), without which the process of 
cold plastic deformation cannot be carried out. To carry out 
“cold expansion” of the hole, the interference fit i must be 
greater than the initial roughness height Rz of the hole sur-
face. At the same time, in order to ensure a discontinuous 
contact in cross section, the condition d0 > d needs to be 
fulfilled, where d is the diameter of the circle inscribed in the 
contour of the cross section of the tool deforming portion. 
Therefore, the three diameters and the height Rz of the initial 
roughness are related to the dependence: 

(

D − Rz

)

> d0 > d . 
The edges of the deforming portion have a radius r . The 
geometry of the tool is designed for unidirectional rotation. 
SPD is realized by the deforming portion edges of the tool, 
creating a rotating deformation wave. Each point from the 
machined hole surface is subjected repeatedly to the impact 
of deforming edges, which is a prerequisite for significant 
coldwork of the surface layer. The interrupted contact in 
cross section is a reason for reaching a lubricant to each 
point from the hole surface, respectively, is a prerequisite for 
beneficial burnishing effect. Achieving MSM effect is due 
to the sliding friction contact between the tool deforming 
portion and the hole surface.

In the following sections, using experiment and FEM 
simulations, the following positive effects, produced by 
the proposed new method and tool, are evaluated: (1) HCE 
effect—finding of residual hoop compressive stress distribu-
tion around the hole; (2) burnishing effect—finding of the 

hole surface roughness depending on the process param-
eters; (3) coldwork—finding of equivalent plastic strain 
distribution; (4) MSM effect—evaluation of grain refining 
and homogenization of the material microstructure imme-
diately around the hole. Finally, an integral evaluation of 
the effectiveness of the proposed method and tool has been 
performed through fatigue tests.

3  Experiment

3.1  Evaluation of the burnishing effect

In this section the optimal manufacturing parameters of the 
process and the number of walls of the tool deforming por-
tion are established under “minimum roughness” criterion. 
In other words, burnishing effect, produced by the method 
and tool, has been experimentally studied.

As the fastener holes most often have a diameter within 
the range 4 ÷ 12 mm , the investigations have been made for 
the middle of the interval, i.e., the nominal diameter of the 
holes being machined is 8 mm . In order to find the optimal 
values of the parameters of the cold plastic deformation 
process, deforming tools are manufactured (Fig. 4b) with 
different number of walls, respectively, 3, 4 and 5. The geo-
metrical parameters of the deforming portions of the tools 
are D = 8.25 mm , r = 1 mm and for the corresponding num-
ber of walls d = 7.8 mm , d = 7.88 mm , d = 7.94 mm . The 
samples are cylindrical with diameter �32 mm and height 
of 8 mm and are made of 2024-T3 Al alloy with yield limit 
�y = 395 MPa , ultimate stress �u = 551 MPa and elongation 
A5 = 11.7% . The mechanical characteristics are obtained 
through one-dimensional tensile test. The experiment was 
carried out on a vertical machine center Haas MiniMill. The 

(a) (b)

Fig. 4  Deforming tools: a tool deforming portion; b general view
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governing factors of the process are: speed v (the speed of a 
point from the circle circumscribed over the tool deforming 
portion); feed rate f  ; interference fit (tightness) i (the dif-
ference between the diameter D of the circumscribed circle 
and the hole diameter d0 , obtained after reaming); number of 
the walls z of the tool deforming portion. The study was car-
ried out in two stages. In the first stage, the factor space was 
scanned in order to determine the rational ranges of variance 
of the governing factors and to determine the optimum initial 
roughness (after drilling and next reaming). Based on this, 
the second stage was devoted to a planed experiment. The 
objective function was the roughness obtained Ra . The latter 
is measured by surface roughness tester SRT—6210.

The initial hole drilling was carried out by a drill of 
7.8 mm diameter. The hole obtained diameter was 7.95 mm. 
Then, the hole was reamed with feed rate 0.3 mm/rev and 
frequency of rotation 400 rpm/min , which ensures average 
value of the roughness obtained Ra = 1.4 μm . In order to 
establish the rational ranges of variation of the governing 
factors, scanning the factor space was performed using a 
one-factor-at-a-time method. Interference fit i = 0.05 mm 
was used. It was assumed that the influence on the roughness 
of each of the other factors does not depend on the interfer-
ence fit. Based on the first-stage experimental results, the 
following conclusions were made:

• As the feed rate increases, the roughness obtained 
increases monotonically (Fig. 5a). This result confirms 
the observed tendency for the influence of the feed rate 
on the roughness in all finishing processes. With increas-
ing the speed, the roughness shows a tendency to a slight 
decrease (Fig. 5b);

• It is noteworthy that the odd number of sides of the defor-
mation tool leads to higher surface roughness (Fig. 5c). 
From the point of view of the roughness obtained, it is 
expedient to use a tool with a number of walls equal to 
four;

• Of the three factors, the influence of the speed on the 
roughness obtained is the most insignificant.

The preliminary experiment gave enough information to 
define the levels of factor variation in the actual part of the 
experimental study, namely the planned experiment. The 
latter was conducted using three governing factors: feed 
rate f  , speed v and number of walls z . The objective func-
tion was roughness obtained Ra . The interference fit was 
i = 0.05 mm . The levels of variation of the governing factors 
are shown in Table 1. The preliminary experiment showed 
that the roughness depends nonlinearly on each factor. For 
this reason an optimal composed second-order design was 
chosen (Table 2). Three attempts were made for each experi-
mental point. The resulting roughness values are shown in 
Table 2.

Analysis of variance (ANOVA) was conducted in order 
to study the factor influence (Fig. 6), using QStatLab. The 
outcomes are shown in Table 3. The most significant factors 
(see Fig. 6a) are x1 and x3 (feed rate and number of walls), 
and most insignificant factor is x2 (speed). Obviously, with 
increasing the feed, the resulting roughness increases. When 

(a)

(b)

(c)

Fig. 5  Roughness obtained from one-factor-at-the-time experiment

Table 1  Governing factors and levels

Governing factors Factor levels

Coded

− 1 0 + 1

Natural Coded Natural

Feed rate f, mm/oб x1 0.025 0.05 0.075
Velocity v, m/min x2 7.5 15 22.5
Number of walls z x3 3 4 5
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the number of walls is z = 3 , the roughness is maximum. 
The roughness decreases sharply when the number of walls 
is z = 4 . Obviously the interaction between the factors x1 
and x3 (feed rate and number of walls) is the most significant 
(see Fig. 6b).

Regression analysis was performed using QStatLab. 
Given the type of the experimental design, the regression 
model was chosen to be a second-order polynomial. The 
following regression model was obtained:

The dependence between coded x
�
 and natural x̃

�
 factors 

is:

where 𝜆
�
=
(

x̃max,� − x̃min,�
)

∕2 , x̃0,� , x̃max,� and x̃min,� 
are, respectively, average, upper and lower levels of � th 
natural factor. After substituting (2) in (1), the expression 
of roughness in natural form is obtained. The analysis of the 
regression model is performed using sections of the hyper-
surface (1) with different hyperplanes (Fig. 7). Obviously, 
the deforming tool with number of walls z = 3 is not appro-
priate due to the high roughness that is produced. When 
z = 3 the contact area between the deforming tool and the 
hole surface is the smallest. As a result, the deformation 
wave in the circumferential direction has a relatively large 
height. This results in a reduction in the useful burnishing 
effect. A lower surface roughness is obtained when z = 4 
compared to the case when z = 5 . The further increase in 
the number of walls leads to degraded lubricant conditions, 

(1)

Y
R
a

= 0.65015 + 0.1727x
1
+ 0.0888x

2

− 0.1781x
3
− 0.12394x

2

1
− 0.13744x

2

2
+

+ 0.40606x
2

3
+ 0.07537x

1
x
2

− 0.07212x
2
x
3
− 0.08387x

1
x
3

(2)x
�
=
(

x̃
�
− x̃0,�

)

∕𝜆
�

which results in deterioration of the roughness obtained. 
On this basis the optimal values of governing factors are 
chosen as follows: f = 0.025 mm/rev , v = 22.5 m/min , 
z = 4 . Using these values of the governing factors, the 
effect of the interference fit on the roughness obtained 
was studied. Four groups of samples (each containing 10 
samples) were treated, respectively, with i = 0.05 mm , 
i = 0.07 mm , i = 0.09 mm and i = 0.11 mm . The obtained 
mean value of the measured roughness of the respective 
groups was, respectively, Ra = 0.511 μm , Ra = 0.476 μm , 
Ra = 0.694 μm and Ra = 0.105 μm . Obviously, the qual-
ity of the treated surface is sharply deteriorated, when 
i > 0.09 mm . Therefore, the interference fit is limited to 
i = 0.09 mm in the subsequent studies.

3.2  Evaluation of the MSM effect

The microstructure evolution is depicted in Fig. 8. The first 
specimen (Fig. 8a) was subjected to drilling and reaming. 
The average grain size near the surface layer is approximately 
20 μm . After drilling and reaming, the hole of the second spec-
imen was processed through the new method and tool, using 
interference fit i = 0.07 mm and optimal values of the govern-
ing factors (Fig. 8b). The microstructure at a depth of about 
0.3 mm is highly deformed. The field near the hole surface, 
subjected to greater plastic deformation, has changed their tex-
ture. Elongation of the grains in hoop direction, parallel to the 
burnishing velocity, is observed. As a result of the burnishing, 
a more homogeneous microstructure is observed. The aver-
age grain size in radial direction is approximately 7 μm . The 
microstructure obtained is almost three times refined, com-
pared to the first specimen. At the same time, a greater degree 
of the microstructure homogenization is noticed in the surface 

Table 2  Experimental design No. x1 x2 x3 R
init
a
, μm

{

R
a,u

}

1

{

R
a,u

}

2

{

R
a,u

}

3

{

R
a,u

}

aver

1 − 1 − 1 − 1 1.4 0.622 0.709 0.484 0.605
2 1 − 1 − 1 0.753 0.925 1.030 0.902
3 − 1 1 − 1 0.936 0.654 0.601 0.730
4 1 1 − 1 0.709 2.04 1.68 1.476
5 − 1 − 1 1 0.549 0.676 0.434 0.553
6 1 − 1 1 0.695 0.679 0.613 0.662
7 − 1 1 1 0.741 0.354 0.518 0.537
8 1 1 1 0.805 0.799 0.796 0.8
9 − 1 0 0 0.353 0.478 0.422 0.417
10 1 0 0 0.701 0.924 0.563 0.729
11 0 − 1 0 0.4 0.690 0.489 0.526
12 0 1 0 0.646 0.343 0.790 0.593
13 0 0 − 1 1.320 1.465 1.454 1.413
14 0 0 1 0.491 0.93 0.959 0.793
15 0 0 0 0.392 0.487 0.528 0.469
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layer. It can be concluded that the optical analysis carried out 
confirms that slide burnishing of the hole surface refines the 
grains, homogenizes and reduces pores in the material.

4  FEM simulations

4.1  Formulation of the study

The proposed hybrid method combines the advantages of 
cold expansion with those of slide burnishing and, respec-
tively, produces all three beneficial effects: HCE, SPD and 
MSM. It is practically impossible to directly evaluate the 
latter effect (grain refining, microstructure homogenization 

and reduction of the pores in the superficial layer) by means 
of FEM simulations, since the FEM requires defined geom-
etry and physics of the modeled object, respectively, the 
integration area. Therefore, only the first two effects (HCE 
and SPD) can be evaluated through FEM simulations in 
an aspect of distribution of the introduced residual hoop 
stresses and the equivalent plastic strain in a depth from the 
hole surface layer. It should be noted that in the surface layer 
the residual stresses and the equivalent plastic strain are due 
to both the cold expansion and the burnishing effect with the 
sliding friction contact. FEM model, taking into account 
simultaneously both the cold extension and the burnishing 
effects in the surface layer defining the initial roughness, 
creates a very large computational task requiring a lot of 

Fig. 6  Outcomes from ANOVA: a main effects; b interactions between the governing factors
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machine time and operational memory. Therefore, the cur-
rent FEM study of the proposed hybrid process is carried 
out in two stages by means of two separate 3D FEM models. 
The first model contains the complete geometry (without 
modeling the initial roughness) and the kinematics of the 
tool–workpiece system and aims to find the distribution of 
the introduced residual hoop stresses in several cross sec-
tions of the workpiece: entrance face, exit face, middle plane 
and the section containing residual stress with a maximum 
absolute value. This FEM model also provides information 
about the power-force parameters of the process, such as 
torque. The second FEM model provides information about 
both the formation of residual stresses and the equivalent 
plastic strain in the surface and subsurface layers, taking 
into account the influence of the initial kinematic roughness. 
The equivalent plastic strain in the surface layer is in direct 
correlation with the resulting microhardness: the larger the 
strain is, the larger the microhardness is. In other words, 
the equivalent plastic strain is a measure of the performed 
coldwork. Therefore, the first FEM model evaluates the HCE 
beneficial effect, while the second FEM model evaluates 
the SPD effect. It is important to note that the constitutive 
models of the workpiece material in the two FEM models 

are different, since the surface layer behavior is usually dif-
ferent from that of the bulk material.

4.2  FEM simulation of the whole process

4.2.1  FEM model

a. Common feature

3D FEM model (Fig. 9a) was created to simulate the pro-
cessing of fastener hole �8 mm through deforming tool 
with number of walls z = 4 , using ABAQUS v.6.12.1. 
The rounded edges of the tool have a radius r = 1 mm . 
Rotational workpiece with height h = 5 mm and diameter 
of the pre-drilled hole d0 = 8 mm was chosen. The work-
piece outer surface was selected to be rotational in order 
to eliminate the boundary effect on the results obtained. 
The material is 2024-T3 Al alloy. The tool is modeled as 
rigid body. Only the edges of the tool are modeled as four 
rotating bodies. The cylindrical portion of each body has a 
diameter 2 mm . Eight-nodal linear hexahedral FEs of type 
C3D8R are chosen for the workpiece. The model consists 
of 4160 FEs and 5040 nodes. FEM simulation is carried 
out in one basic step. The workpiece is stationary in the 

Table 3  ANOVA outcomes

Analysis of variance (ANOVA) for average roughness obtained R
a,aver—(x1; x2; x3)

Symbol Name Number of levels Levels

x1 x1 3 − 1 0 1
x2 x2 3 − 1 0 1
x3 x3 3 − 1 0 1

Source Amounts Degree of freedom Dispersion F P

x1 0.29916 2 0,14958 3.18629 0.09599
x2 0.08087 2 0.04044 0.86134 0.45837
x3 0.62020 2 0.31010 6.60564 0.02023
Ocтaтък 0.37556 8 0.04694
Oбщo 1.37556 14

Residual mean square deviation (RMSD) = 0.21667 R-sq = 0.72702 R-sq (adj) = 0.52229
Confidence intervals for the average value at each factor level:
(Confidence intervals are based on the standard deviation for each factor level)
Factor Level Number Mean Dispersion 95% Confidence interval
x1 − 1 5 0.56840 0.01290 0.4274 ≤ 0.5684 ≤ 0.7094

0 5 0.75760 0.14958 0.2774 ≤ 0.7576 ≤ 1.2378
1 5 0.91380 0.10668 0.5083 ≤ 0.9138 ≤ 1.3193

x2 − 1 5 0.64960 0.02261 0.4629 ≤ 0.6496 ≤ 0.8363
0 5 0.76300 0.15857 0.2686 ≤ 0.7630 ≤ 1.2574
1 5 0.82720 0.14255 0.3584 ≤ 0.8272 ≤ 1.2960

x3 − 1 5 1.02520 0.15812 0.5315 ≤ 1.0252 ≤ 1.5189
0 5 0.54560 0.01491 0.3940 ≤ 0.5456 ≤ 0.6972
1 5 0.66900 0.01587 0.5126 ≤ 0.6690 ≤ 0.8254
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global coordinate system. The four bodies rotate synchro-
nously as one rigid body around the workpiece axis and at 
the same time perform a rectilinear translation along the 
same axis. The rotation and translation are matched in the 
pseudo-time to implement the required tool feed rate. The 
analysis was carried out sequentially with three values of 
the interference fit: 0.05 mm , 0.07 mm and 0.09 mm.

b. Material constitutive model of the workpiece

Elastic–plastic behavior is assigned of the workpiece, 
which is made of 2024-T3 Al alloy. The elastic behavior 
is set by Young’s modulus E = 0.72 × 1011 Pa and Pois-
son’s ratio � = 0.33 . In the plastic field the material behav-
ior is set as “true stress–logarithmic strain” ( �true − �log ) 

Fig. 7  Sections of the hypersurface of the roughness obtained model with different hyperplanes
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tabulated function. For this purpose, by using a one-dimen-
sional tensile test, the “nominal stress–nominal strain” 
( �nom − �nom ) diagram is obtained (Fig. 10). The required 
tabulated function �true − �ln is obtained through the equa-
tions �true = �nom

(

1 + �nom
)

 and �log = ln
(

1 + �nom
)

 . In fact, 
it is assumed that the true stress in the plastic field is valid 
for all stressed states and load paths. Nonlinear kinematic 
strain hardening of the workpiece material is defined, assum-
ing that the material behavior is independent of the strain 
velocity.

c. Interactions

Normal contact allowing separation and tangential contact 
with friction coefficient of 0.08 is defined between the oper-
ating tool portion and the workpiece. Constraint of type 
“coupling” is assigned to the four working bodies. The con-
straint is expressed in defining a new reference point (RP-1), 
to which appropriate boundary conditions are assigned.

d. Boundary conditions

Zero displacements along the axes x and z and zero rotations 
around the same axes are defined for RP-1 (see Fig. 9a). At 
the same point (RP-1), the displacement along the hole axis 
( y ) and rotation around the same axis is defined by tabulated 
functions. The pseudo-time is 0.1. The displacement at the 
pseudo-time end equals 12 mm, and the rotation is equal to 
160 rpm. Thus, these displacement and rotation values pro-
vide a feed rate of 0.075 mm/rev . The workpiece is station-
ary fixed, and on the outer cylindrical surface zero displace-
ments are defined in a local cylindrical coordinate system.

(a)

(b)

Fig. 8  Optical micrographs near hole surface: a only drilled and 
reamed; b treated by new method

(a) (b)

Fig. 9  3D FEM models: a of the whole process; b of the burnishing portion
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4.2.2  FEM results

The residual hoop normal stress distribution in radial direc-
tion from the hole edge is shown in Fig. 11, respectively, on 
the entrance face, middle plane, exit face and plane contain-
ing the residual stress with maximum absolute value. For all 
interference fit values, the following is observed:

• The residual stresses are the smallest in absolute value 
on the entrance face;

• On the exit face the residual stresses are larger in absolute 
value as compared to these on the entrance face and the 
formed compressive area is significantly wider;

• In the middle plane, the residual stresses are very simi-
lar in size and distribution to those in the cross section 
containing residual stress with maximum absolute value. 
This section lies between the middle plane and exit face;

• The above features are characteristic of mandrel cold-
working methods in which a conical–cylindrical mandrel 
having a larger diameter than that of the hole passes all 
the way through the hole, creating a significant gradient 
of residual stresses along the hole axis. The only excep-
tion is symmetric cold expansion method, which creates 
a symmetric compressive zone relative to the middle 
plane with a minimum axis gradient.

• The smallest interference fit ( i = 0.05 mm ) is obviously 
insufficient, as a tensile ring is formed around the hole 
edge on the entrance face. This is a very undesirable 
effect, as it is a prerequisite for creating corner fatigue 
macrocrack.

• With increasing interference fit, the residual stresses 
increase in absolute values and the width of the com-
pressive field also increases. At the same time, the axial 
gradient of the residual stress distribution also increases, 
which is an undesirable effect.

It should be noted that the extent to which interference fit 
can be increased, in addition to the axial gradient of residual 
stresses, also depends on other factors, such as the power-
force process parameters, the equivalent plastic strain in a 
point from the hole surface, the hole surface roughness and 
other.

Figure 12 shows the distribution of the rotating moment, 
applied to the tool shank to implement the process. As 
expected, with increasing interference fit the maximum 
torque increases.

4.3  FEM simulation of the burnishing

4.3.1  FEM model

3D FEM model (Fig. 9b) was developed to simulate the 
burnishing portion of the whole process. Starting from the 
hole surface, a small part from the workpiece is modeled. 
The middle plane of the workpiece is a symmetry plane 
of the modeled portion. The role of the initial roughness 
(before burnishing) in the FEM model is very important for 
the resulting characteristics (after burnishing) in the surface 
layer. The distribution of the peak-to-valley height of the 
initial surface geometry has a stochastic character. There-
fore, in the FEM model the initial kinematic roughness of 
the hole surface is presented as Rz = 5 μm with a step of 
0.1 mm . Only one deforming edge from the tool is modeled 
as rigid body. The FEM model contains 10,020 eight-nodal 
linear hexahedral FEs of type C3D8R and 120 six-nodal 
linear wedge FEs of type C3D6. The total number of nodes 
is 11,439.

The material constitutive model of the superficial layer of 
2024-T3 Al alloy is defined in [18] through indentation test 
and inverse FEM analysis. In the plastic field, the depend-
ence “true stress–logarithmic strain” is defined as follows:

where �true is the true stress, �yield = 280 MPa is the yield 
limit, E = 72 GPa is Young’s modulus, �log is the logarith-
mic strain in the plastic field, and n = 0.075 is the strain 
hardening for a one-dimensional stressed state.

Normal contact allowing separation and tangential con-
tact with friction coefficient of 0.08 is defined between the 
deforming tool and the hole surface. All surfaces of the 
modeled portion without the hole surface are placed on an 
elastic foundation having a coefficient 0.7 × 105 MPa . Thus, 
the effect of the removed portion from the workpiece on 
the modeled portion is taken into account. All degrees of 
freedom of the deforming tool are removed, except for rota-
tion around the axis of the machined hole and displacement 
along the same axis.

�true = �yield

(

1 +
E

�yield
�log

)n

Fig. 10  Stress–strain diagrams of the 2024-T3 Al alloy
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Fig. 11  Residual hoop stress 
distribution

Fig. 12  Variation of the rotating 
moment
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4.3.2  FEM outcomes

Figure 13a shows the equivalent plastic strain distribution in 
the middle plane in a depth from the hole edge, starting from 
point A (see Fig. 9b). The distribution has one and the same 
character for all interference fit values. The maximum value 
of the equivalent plastic strain is at a depth 0.05 ÷ 0.08 mm . 
On the hole surface the strain is slightly smaller than the 
maximum value. Once its maximum value has been reached, 
the deformation rapidly decreases. As expected, with 
increasing interference fit the maximum strain increases. 
The conducted strain analysis shows that in a cylindrical 
coordinate system r�z (see Fig. 9b) the components �rr , ��� 
and �r� of the plastic strain in point A are two orders of mag-
nitude larger than the components �zz , ��z and �rz . Therefore, 
the texture formation of the material microstructure imme-
diately around the hole is carried out in planes parallel to a 
plane r� , i.e., perpendicular to the workpiece axis.

The large equivalent plastic strain in the surface and sub-
surface layers is a measure of significant coldwork, respec-
tively, of significantly increasing microhardness and grain 
refining, and is ultimately a condition for increasing the 
crack resistance of the hole surface. On the other hand, the 
interference fit cannot grow indefinitely, as the equivalent 
plastic strain cannot grow indefinitely. It is clear that a fur-
ther increase in interference fit will lead to local surface rup-
tures, which is absolutely undesirable as these local defects 
are potential places for formation and propagation of fatigue 
macrocracks.

Figure 13b shows the residual hoop displacement distri-
bution in a depth from the hole edge, starting from point A 
(see Fig. 9b). The maximum values of these displacements 
are in point A . Therefore, SPD is accompanied by so-called 
local torsion effect, which causes surface strengthening 
through grain refining. With other words, the local torsion 
leads to hole surface modification. Shamdam and Khoddam 
have been studied idealized cold expansion followed by local 
torsion process by means of FEM simulations [19]. They 
simulate the two processes sequentially by definition in all 
nodes of the hole surface of uniform, respectively, radial and 
hoop, displacement. The authors prove that the introduction 
through cold expansion residual hoop compressive stresses 
undergoes a reduction due to local torsion since this process 
introduces residual hoop tensile stresses immediately around 
the hole surface. In the present study, the interaction of the 
deforming tool and workpiece is simulated by defining the 
exact kinematics of the method (see Fig. 9a). Therefore, in 
the present study the carried out FEM simulations of the 
whole process (simultaneously HCE and SPD with local 
torsion) provide information on the residual stresses intro-
duced not only by cold expansion. The obtained residual 
stresses (see Fig. 11) are a consequence of the concurrent 

action of HCE and SPD with local torsion. In this study, the 
simulation of burnishing with sliding friction contact, which 
leads to the creation of local torsion effect, has been done 
by defining a interdependent rotation and translation of the 
deforming tool in order to obtain the desired feed rate. It is 
established that SPD creates a plastic wave, which rotates 
together with the tool and encompasses successively each 
point from the modeled portion of the hole surface. As a 
result, the processed surface turns out to be “twisted,” but 
the residual hoop stresses are compressive (Fig. 13c) imme-
diately surrounding the hole surface. The impact of the feed 

(a)

(b)

(c)

Fig. 13  Distribution in the middle plane: a equivalent plastic strain; b 
displacement in hoop direction; c residual hoop stresses
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rate on the residual hoop stress distribution obviously has no 
practical significance. Since the results are very similar, the 
residual stress values are shown at the points of integration 
of the respective finite elements in order to eliminate node 
averaging errors. Compared to Fig. 11 ( i = 0.05 mm ), the 
obtained residual stresses have a greater absolute value due 
to significantly more refined FEM mesh.

5  Fatigue tests

5.1  Essence of the study

The purpose of the study is to make an integral assessment 
of the proposed method and tool effectiveness in terms of 
increasing the fatigue life of structural components with fas-
tener holes made of 2024-T3 Al alloy. Four groups of speci-
mens, having central hole, were manufactured. The holes 
of the specimens from the first group, called basic, were 
processed only by cutting—sequentially drilling and ream-
ing. The holes of the samples from the other three groups 
were previously drilled and reamed, after which they were 
processed using the new method and tool under conditions 
of different interference fit between individual groups. The 
interference fit was as follows: for the second group—
0.05 mm, for the third group—0.07 mm and for the fourth 
group—0.09 mm. Openings from all groups after treatment 
had the same nominal diameter of 8.2 mm. All specimens 
were subjected to a cyclic tensile test to failure, after which 
an S–N curve was constructed for each specimen group. 
The effectiveness of the new method and tool was evaluated 
based on a comparison of the S–N curves obtained.

5.2  Experiment details

5.2.1  Specimens

The specimens were made of 2024-T3 Al alloy and were 
cut from a sheet so that their longitudinal axes were aligned 
in the sheet rolling direction. The specimen dimensions are 
shown in Fig. 14.

5.2.2  Processing of sample holes

The processing was performed on Haas MiniMill verti-
cal machine center. The specimen holes from all groups 
were drilled with one and the same drill, having a diameter 
� 7.9 mm . The nominal diameters of the reamers for the four 
specimen groups are as follows: basic group—� 8.2 mm ; 
second group—� 8.2 mm ; third group—� 8.18 mm ; fourth 
group—� 8.16 mm . The diameter of the circle circum-
scribed over the tool deforming portion is D = 8.25 mm.

5.2.3  Fatigue test

The fatigue test was conducted on Instron 1332 testing 
machine using pulsating cycles, i.e., sinusoidal loads with 
a load ratio of R = Pmin∕Pmax = 0 , at a load frequency 
of 10 Hz. The maximum tensile load Pmax creates remote 
stress � in the middle part of the specimens away from the 
hole. The maximum load (peak load) was increased from 9.5 
to 14.5 kN, and this resulted in remote stress (peak stress) 
from 76 to 116 MPa. The samples from each group were 
subjected to remote stress of, respectively, 116, 108, 100, 
92, 84 and 76 MPa up to achieving a failure. For producing a 
given S–N curve, one sample was tested at each stress ampli-
tude. The minimum number of tested specimens per group 
was 6. In a case of large scattering of the result obtained for 
a given experimental point, the experiment with the same 
amplitude was repeated with extra sample.

In order to find the dependence between the remote stress 
and the equivalent stress in the critical point from the hole 
periphery, FEM simulation of the tensile test was carried 
out. Because of the symmetry, an eighth part (Fig.  15) 
was modeled from the portion of the specimen with sizes 
60 × 25 × 5 mm (see Fig. 14). The dependence obtained is 
shown in Table 4.

5.3  Results and discussion

The fatigue test results are represented on S–N diagram 
shown in Fig. 16. On the basis of the obtained fatigue curves 
the following comments can be made.

• As it was expected, all samples with coldworked holes 
show a longer fatigue life in comparison with the speci-
mens from the basic group.

• Increasing the interference fit does not lead to a sub-
stantial increase in the fatigue life. The probable 
reason is the introduction of manufacturing defects 
in the hole surface due to significant plastic strain. 
Therefore, the increase in the interference fit over 
i = 0.07 mm is meaningless.

Fig. 14  Fatigue specimen sizes
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• The results obtained for the specimens fatigue life 
prove the benefit of the proposed method and tool.

6  Super‑combined tool

Based on the conducted experimental studies and the 
results obtained, in order to increase the productivity of 
machining by plastic deformation of small fastener holes 

in high-strength aluminum alloys, a super-combined tool 
with four walls of the deforming portion was developed 
combining successive drilling, reaming and plastic defor-
mation of the hole (Fig. 17). The diameter D of the circum-
scribed circle over the tool deforming portion is 8.25 mm . 
The diameters of the drill and reamer sections are selected 
so that the nominal interference fit for the third section is 
i = 0.07 mm . With the obtained optimal values of the gov-
erning factors for plastic deformation ( v = 22.5m/min and 
f = 0.025mm/rev ) series of 50 holes in samples made of 
2024-T3 Al alloy are machined on Haas MiniMill machin-
ing center. Very good repeatability of the surface area of the 
holes is observed, whereby the resulting roughness fluctuates 
around Ra = 0.552 μm.

7  Conclusions

• Novel method and tool for cold plastic deformation of a 
large number of fastener holes in high-strength Al alloy 
structures have been developed aiming to decrease labor 
and operational time by complying with the requirement 
of high fatigue resistance. This method can be carried out 
on both conventional and CNC machines, as well as on 
manually operated machines.

• Through an experiment and FEM simulations, the most 
optimal values of the governing parameters of the cold 
plastic deformation process have been found using the 
proposed method and tool.

• The method and tool produce three main beneficial 
effects: HCE, SPD and MSM. The first of them is 
expressed in the introduction of beneficial residual hoop 
compressive stresses around the hole at a significant 
depth. The benefit of SPD is expressed in the follow-
ing: (1) burnishing of the surface layer with a significant 
reduction of the initial roughness—from Ra ≈ 1.4 μm to 

Fig. 15  3D FEM model of the 
tensile test

Table 4  Dependence between remote stress and equivalent stress in 
the critical point

Maximum tensile 
load, N

Remote stress, MPa Equivalent stress in 
the critical point, MPa

14,500 116 385.108
13,500 108 358.61
12,500 100 332.104
11,500 92 305.588
10,500 84 279.063
9500 76 252.525

Fig. 16  S–N curves—effect of the interference fit on fatigue life
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Ra ≈ 0.5 μm ; (2) coldwork of the surface layer with a 
substantial equivalent deformation and, respectively, a 
notably increased microhardness; (3) residual compres-
sive stresses in the surface and subsurface layers. MSM 
of the hole surface and subsurface layers is observed. 
The microscopic analysis shows significant grain refin-
ing. Due to specific method’s kinematics and deforming 
tool geometry, local torsion of the surface and subsur-
face layers is observed. As a result of the HCE, SPD and 
MSM effects, the fatigue life of flat specimens with fas-
tener holes that have been processed using the proposed 
method and tool, is increased significantly in comparison 
with specimens whose holes have only been drilled and 
reamed.

• A super-combined tool that consequently performs drill-
ing, reaming and cold plastic deformation is designed and 
manufactured. This tool significantly increases the pro-
ductivity of processing a large number of fastener holes 
in aluminum structures. To make a comparison, the split 
sleeve method is carried out in 5 main steps which do not 
include the steps of control, while the super-combined 
tool can perform the proposed method in single step.
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