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Abstract: Fastener holes are among the most common natural stress concentrators in metal structures. The life
cycles of various structural elements, such as those in aircraft structures, automobiles, and rail-end bolt joints
are limited by fatigue damage around the holes. An effective approach to delay the formation and growth of
fatigue macrocracks is to introduce residual hoop compressive stresses around the holes. Two methods have
become established in the prestressing of fastener holes in aircraft components: split sleeve and split mandrel,
which implement one-sided processes. The common disadvantage of both methods is the complex procedure
due to the need for high accuracy of the initial holes. This article presents a new modified split mandrel method
providing the same tightness (interference fit) with a wide tolerance of the pre-drilled hole diameters reducing
the number of technological cycle steps and production costs. To implement the new method, a functionally
connected tool and a device with a hydraulic drive were developed. An extensive experimental study of 2024-
T3 AA specimens was carried out to evaluate the effectiveness of the method under a high scattering of the
pre-drilled holes. The new method provided a deep zone (2 5 mm) of residual hoop compressive stresses on

both faces of the specimens after cold working and after hole final reaming. The removal of a plastically
deformed layer around the hole of suitable thickness during the final reaming decreased the axial gradient of
residual hoop stress distribution. Fatigue tests on a tensile pulsating cycle verified the effectiveness of the

modified split mandrel method to significantly increase the fatigue life by 6.6 times based on 108 cycle fatigue
strength compared to the conventional case of machining the holes. The obtained S-N curves for three groups
of samples with initial hole diameters of 8.0, 8.1, and 8.2 mm which were cold worked with the same tightness
of 0.32 mm and final reamed, aligned well indicating that the new method can provide constant fatigue strength
for a given stress amplitude.

Keywords: 2024-T3 aluminum alloy; split mandrel; residual stresses; fatigue life enhancement; fatigue
strength

1. Introduction

Fastener holes in metal structures are natural strain and stress concentrators and, therefore,
potential sites for the initiation and development of fatigue cracks. Thus, the fatigue life, load-bearing
capacity, and safety of metal structures largely depend on the behavior of the material around the
fastener holes.

Three approaches exist to increase the fatigue strength of metal components with fastener holes:
1) using super-strength materials (in cases where this is justified) 2) modifying the microstructure of
the material around the hole and 3) introducing useful circumferential residual compressive stresses
around the hole. Clearly, these approaches are not independent of each other. For example, hole
prestressing via plastic deformation leads to a change in the microstructure of the material around
the fastener hole since the modified microstructure is precisely the physical carrier of the residual

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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stresses. The third approach is the subject of the present study. Studies have shown that residual
compressive stresses introduced into the surface and subsurface layers of 2024-T3 aluminum alloy
hourglass-shaped fatigue specimens, subjected to a rotating bending fatigue test, increase the time
from the nucleation of microcracks to fatigue macrocrack formation and subsequent macrocrack
development to the formation of an open crack [1]. Similar is the failure mechanism of a flat specimen
with a prestressed hole subjected to cyclic tension, where the circumferential residual compressive
stresses around the hole are of primary importance for fatigue life.

The basic mechanical approach for introducing residual compressive stresses around a fastener
hole is cold working, which is carried out at a lower temperature than that of recrystallization. The
methods implementing cold working and aiming to introduce compressive residual stresses around
the hole can be classified into two groups: 1) tool impact on the flat surfaces, such as ring groove
coining [2], pad coining [3], “improving fatigue life of holes” [4], using stress waves [5], and 2) tool
impact on the hole surface. The second group comprises methods that either a) introduce a relatively
narrow zone of compressive circumferential stresses around the hole or b) implement a relatively
wide pressure zone around the opening.

Methods that use the narrow pressure zone are applicable to holes of lesser importance. For
example, Christ et al. [6] invented a combined tool for consecutively drilling, reaming, and
burnishing holes in aircraft components. A new concept for increasing the fatigue life several fastener
holes in aircraft structures was proposed by Duncheva et al. [7], who developed a method for
prestressing of fastener holes called friction stir hole expansion. Similarly, Maximov et al. devised a
technique and tool for processing several small fastener holes in high-strength Al alloy structures [8].
The deforming portion of the tool is specifically profiled in its cross-section so that the full contact
with the hole surface is disrupted. Thus, their method produces three beneficial effects: hole cold
expansion, burnishing, and surface microstructure modification (friction stir and torsion due to tool
rotation). Finally, Kumar et al. [9] proposed a novel technique for cold expansion using a rotating
tapered mandrel, which combines cold expansion and friction processing.

The second subgroup of methods (i.e., creating a wide pressure zone) introduces compressive
residual stresses in significant depth. The following methods correspond to this subgroup: ball or
solid mandrel coldworking [10], prestressing of fastener holes by tapered pin and tapered sleeve [11],
split sleeve cold expansion [12], cold working using a seamless tubular member [13], split mandrel
cold working [14], and cold working using a rotational mandrel and tubular seamless sleeve made of
shape memory alloy [15]. Several new methods belonging to this subgroup have recently been
proposed. For instance, Maximov and Duncheva [16] invented a method and tool ensuring ““pure”
radial cold hole expansion, introducing nearly uniform residual hoop stresses around the hole along
its axis that has a minimized and symmetric gradient with respect to the plate middle plane. Because
of this advantage, the authors dubbed their method “’symmetric cold expansion”. Another advantage
is its one-sided process, like the split sleeve and split mandrel.

In the last few years, various dynamic hole cold working methods have been presented, which
have a common technical basis: an electromagnetic load. They implement two concepts: mechanical
cold working methods based on electromagnetic driving [17,18] and a non-contact electromagnetic
cold hole expansion process based on radial pulsed electromagnetic force [19,20]. For example, Guo
et al. [17] proposed a novel dynamic cold expansion method using the mandrel driven by a driving
head through the electromagnetic dynamic force. Their method reduces expansion resistance,
generates more uniform hole diameter distribution along the hole axial direction after cold expansion,
and exhibits higher fatigue life compared to static mandrel coldworking. Additionally, Guo et al. [18]
proposed a novel stress wave strengthening method based on electromagnetic force to improve the
fatigue life of plate-holed structures. Their double-side stress wave strengthening method extended
the fatigue life of 6061-T6 aluminum alloy holed-plate samples compared to cold expansion, while
their single-side stress wave strengthening exhibited lower fatigue life than cold expansion.

In another study, a dual-stage non-contact electromagnetic cold hole expansion process [19] was
designed and implemented using two outer and two inner coils that are symmetrically arranged
adjacent to the top and bottom faces of the workpiece. In 2A12-T4 aluminum alloy, their proposed
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process was more efficient compared with the conventional mechanical cold expansion process
because of the non-contact characteristic and uniform residual stress distribution. In relevant
research, Geng et al. [20] proposed a simplified single-coil non-contact electromagnetic cold hole
expansion process. Their fatigue test results showed significant improvements in the fatigue
performance of the 2A12-T4 specimen, and good surface integrity and grain refinement were
observed near the hole. The electromagnetic load-based methods require sophisticated specialized
equipment and are effective on relatively thin sheet blanks. In addition, the non-contact methods
require a relatively accurate centering of the treated hole.

Recently, the literature has focused on cold expansion methods, which also provide an
additional effect of improving hole surface integrity. For instance, Cao et al. [21] developed a new
technique for prestressing holes in nickel-based superalloy involving a laser texturing process
followed by the Hertz contact rotary expansion process, where the cylindrical sleeve is the critical
component connecting the two processes. The latter process acts on the hole via the rotary’s extruding
movements on the strengthened sleeve and conical mandrel tools. The proposed technique
significantly improves the hole surface integrity because of grain refinement near the hole wall and
introduces deeper compressive residual stress distribution.

In other research, a significant effect of improving the Inconel 718 superalloy was achieved using
a novel cold expansion process with a small, deep hole (with diameter <2 mm and depth >10 mm),
called the multi-spherical bump rotating cold expansion process [22]. The tool (tungsten cemented
carbide mandrel) used in this process plays a key role for but requires complex technology, including
fine grinding, laser texturing, and PVD coating. The authors report that average fatigue life at 400°C
significantly increases compared to the small, deep hole after reaming.

In general, these techniques require specific tools with relatively complex technology to produce.
The tendency to emphasize the microstructure in the vicinity of the stressed holes is also observed in
relation to studies of the direct cold expansion process. For example, Wang et al. [23] investigated the
effect of cold expansion on the high-temperature low-cycle fatigue performance of the nickel-based
superalloy hole structure. According to the authors, the surface smoothing, surface compressive
residual stress field, and cold work-hardened structure with the sub-grain refinement were
responsible for increasing the fatigue life.

Despite the many existing methods for cold hole working and their advantages, two methods
have become established in the practice of prestressing fastener holes in aircraft components: split
sleeve cold expansion and split mandrel coldworking. Collectively, these methods have been referred
to as mandrel cold working methods. The essence of these methods is the generation of a field of
residual compressive stresses around the hole due to plastic deformation by applying a tool with a
diameter larger than that of the pre-drilled hole. Although this type of prestressing of fastener holes
has been highly useful over recent years, the main disadvantage inherent in the mandrel coldworking
methods is the significant and nonsymmetrical gradient of the residual hoop stresses relative to the
middle plane of the plate due to axial force flow passing through the mandrel-plate—support system.
Other disadvantages include considerable surface upset, especially on the exit face, around the hole
edge and the appearance of a bending moment, which causes local buckling of the material.

Still, the main role of the split (respectively of the sleeve and the mandrel) is to implement a one-
sided process. However, this benifit of both methods brings with it additional drawbacks: the
requirement for precision in the starting hole size to achieve uniform expansion; treatment requiring
the use of two reamers, one for the starting hole diameter and one for the final hole diameter; the
need for intermediate dimensional control operations; the non-axisymmetric expansion in the hoop
direction. Additional disadvantages of the split sleeve method include the pre-lubricated split sleeve
for one-time use, the requirement for lubricants and the residual effect of lubricants. Nevertheless,
apart from the residual stresses and fatigue performance, the studies of the microstructure around
the holes after the split sleeve cold expansion process of AZ31B magnesium alloy sheet [24] and 7075-
T6 aluminum alloy [25] are of interest. Furthermore Lv et al. [26] Used finite element analysis to
investigate the distribution and variation of residual stresses along the hole edges of 7075 aluminum
alloy single-hole and multi-hole split sleeve cold expansion specimens.
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Comparative extensive analyses between the split sleeve and split mandrel methods have
known the advantages of split mandrel over split sleeve method [27,28]. The main advantage of split
sleeve and split mandrel methods (as well as symmetric hole expansion [16]) is that they realize a
one-sided process, i.e., these methods require access from only one side of the plate (only one
operator): they are relatively fast and allow automatization of the assembly operations.

The split mandrel process utilizes a collapsible mandrel with a sliding pilot cylindrical shaft
extending through the mandrel cylindrical hole, which serves to solidify the mandrel prior to
coldworking a hole (Figure 1). With the pilot retracted, the mandrel is partially collapsible, allowing
insertion into the pre-drilled hole. When the puller unit is actuated, the pilot extends through the
mandrel’s cylindrical hole, which solidifies. The solidified mandrel is then pulled through the hole,
plastically deforming the surrrounding material and creating a residual compressive field [28].

W

Figure 1. Schematic diagram of split mandrel coldworking method: a. inserting a partially collapsible
mandrel into the pre-drilled and reamed hole; b. solidified mandrel is pulled through the hole; 1 -
mandrel; plate with hole; 3 — support; 4 - pilot.

The typical split mandrel process is implemented in 11 steps [29]:

1) Drill the start hole with a start drill.

2) Ream the hole to the proper starting size with the start hole reamer.

3) Verify the start hole with a hole gage.

4) Inspect the mandrel by inserting an inspection pin at the end of the mandrel and check the
mandrel with a wear gage.

5) Start the pass-through of the hole, after which the hollow, split mandrel collapses.

6) Once pass-thru is complete, place nose cap flush to the material. The pilot extends and
solidifies the hollow mandrel.

7) Start coldworking, drawing the solidified mandrel back through the material.

8) Complete coldworking, allowing the mandrel to return to its ready position.

9) Inspect the cold-worked hole with a hole gage.

10) Ream the hole to its final size with a piloted reamer.

11) Inspect the final reamed hole with a hole gage. Countersink if necessary.

The degree of cold expansion (DCE) of the hole is calculated by the following formula:

DCE=D_d

x100, % (1)

where D is the mandrel major diameter and d is the start hole diameter. The DCE depends on the
diameter d tolerance and the diameter D scattering. The scattering is a function of the wear of the
cylindrical working surface of the pilot, the hole in the hollow mandrel, and the cylindrical strip of
the mandrel diameter D. To secure the designated DCE, steps two, three, and four are included in the
technological process.

This paper proposes a new method and device for cold expansion of holes [30] which is based
on the split mandrel cold working method. The main goal is to reduce the number of steps through
which the technological process is implemented, reducing production costs. Unlike the baseline
method, the new method does not require a tight tolerance on the diameter of the pre-machined
holes. Instead, this modified method involves a split hollow mandrel with a central hole with a
conical surface (which is suitably profiled so that the radius of curvature is the same). An axially

doi:10.20944/preprints202312.1896.v1
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movable pin having an outer conical surface (which is profiled in the same way as the conical surface
of the hole in the hollow mandrel) is positioned in this hole. The two conical surfaces (of the hole and
the pin) have the same slope angle o and expand in the direction of the mandrel split end. After
introducing the split hollow mandrel into the drilled hole, the pin is moved axially until the two
conical surfaces contact and solidify the mandrel, whereby the cylindrical surface of the solidified
mandrel contacts that of the pre-drilled hole. Thus, a constant tightness (interference fit) is achieved
regardless of the tolerance of the pre-drilled hole, and conditions are created to eliminate the second,
third, fourth, and ninth steps of the technological process.

This study aims to evaluate the effectiveness of the modified split mandrel method
experimentally for the enhancement of the fatigue life of holed structural components in aircraft
components, specifically regarding the result repeatability. To achieve the goal, the following tasks
are conducted: 1) an experimental study of the influence of the pre-drilled hole tolerance on the
diameters of the stressed and final reamed holes; 2) X-ray diffraction analysis of residual stresses
around fastener holes introduced by modified split mandrel process; and 3) an experimental
investigation of the fatigue behavior of specimens with fastener holes subjected to cold expansion by
the modified split mandrel process.

2. Nature of the proposed method

A characteristic feature of the basic split mandrel cold working method (as well as the split sleeve
cold expansion method) is the requirement for a very narrow tolerance of the pre-drilled hole
diameter, which generally makes the technological process of manufacturing the components more
expensive. At the same time, the tightness is a variable within this tolerance, as it is defined by the
difference between the major diameter of the split mandrel and the pre-drilled hole diameters. The
basis of the proposed modified method is the elimination of the mentioned shortcomings. For the
technical implementation of the new method, a tool and a device for cold expansion were developed,
achieving constant tightness with a relatively wider diametrical tolerance of the pre-drilled holes [30].

Figure 2 shows the tool geometry and the main stages for the cold working of holes using the
new tool and device. The tool includes a partially longitudinally split mandrel so that at least three
symmetrical segments are formed. An axially movable conical-cylindrical pin is positioned in the
axial hole of the mandrel. The mandrel working part comprises two conical surfaces connected by a
cylindrical surface. The pin’s conical surface contacts the surface of a conical hole made in the split
end of the mandrel. The two conical surfaces have the same angle of inclination o. The mandrel’s
conical working surface transitions into a cylindrical surface on which the hole to be cold worked is
based. The procedure for the proposed method contains the following stages:

doi:10.20944/preprints202312.1896.v1
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Figure 2. Basic stages of the technological cycle for cold expansion of holes via the modified split
mandrel method: a. stage 1; b. stage 2; c. stage 3; d. stage 4.

Stage I. Inserting the mandrel into the pre-drilled hole

The tool insertion is facilitated by the front conical surface on the working part of the split
mandrel (Figure 2a). Clearance exists between the cylindrical base surface of the mandrel and the
surface of the hole, except for those holes that are drilled at the lower limit of their diametrical
tolerance range. The conical-cylindrical pin is moved axially with respect to the mandrel to the left
such that its conical surface does not contact the conical surface of the hole in the mandrel (Figure
1la). This allows elastic deformation of the split mandrel segments in a radially inward direction,
facilitating the introduction of the mandrel into the pre-drilled hole in the workpiece.
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Stage 1I, Compensation for the clearance between the cylindrical surface of the mandrel and the
drilled hole

To compensate for the clearance, the conical-cylindrical pin is moved axially until its conical
surface contacts the conical surface of the hole in the mandrel, causing the mandrel segments to move
radially outward, resulting in a hard contact between the mandrel and the hole surface. (Figure 2b).
In this position, the major diameter D (Figure 3) of the mandrel’s working cylindrical surface is larger
than the diameter d of the pre-drilled hole in the workpiece. The presence of hard contact achieves

constant tightness during the cold working process since the tightness depends only on the difference
between the mandrel’s major diameter D and the diameter d of its cylindrical surface (Figure 3);

Z .
S workpiece
A
A
a o
E o 2
=] =l
o -

Figure 3. Geometric parameters of the mandrel.

Stage III. Cold working

Cold working is realized by the axial movement of the mandrel together with the conical-
cylindrical pin, such that the working conical and cylindrical surfaces of the mandrel are moved along
the pre-drilled hole’s axis, deforming the hole plastically (Figure 2c).

Stage IV. Creating an area of useful hoop residual stresses around the hole

After the tool exits the hole, the plastically deformed layer of metal around the hole (whose
diameter has increased) opposes the natural tendency of the material particles to occupy their original
position. The inhibited shrinkage of the metal around the hole results in the formation of a zone of
useful circumferential residual compressive stresses (Figure 2d).

Figure 3 illustrates the geometry of the mandrel working part. After ensuring hard contact (i.e.,
completing Stage II), the tightness i during the cold working is a constant that depends only on the
two mandrel diameters (D and d), and not on the scattering of the drilled hole diameters:

i=D-d=const (2)
The change in tightness over time is determined solely by the wear of the working parts of the
split mandrel. The DCE is equal to the hoop linear strain €; for the points on the hole surface. The
DCE limits are defined by the minimum and maximum allowable diameters of drilled holes, d min

and dg max respectively (Figure 2):

DCE pax = €1.max =d;><100, %, DCEmin = €1.min =d;><100, % 3)

0, min 0, max
For example, if the tightnessis i=D~d=6.34-6.04=0.3mm and the limit diameters of drilled
holes are  dgpin=6mm and  dgpe =6.06mm , the DCE limit values are
DCE iy = ———x100% =4.95% and DCE,,, =———x100% =5% . Thus, the DCE deviation is

max
0,max 0, min

0.05%, while the deviations of the diameters of the drilled holes with respect to d are +0.33% and
—0.66% . In other words, the variation of the DCE is insignificant compared to the relative variation
interval of d. Therefore, the scattering of drilled hole diameters changes the DCE very little.
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For an unhindered insertion of the split mandrel into the pre-drilled holes, the following

geometric condition must be met:
(180 J
tg
nS

wrehe ng is the number of segments in the longitudinally cut mandrel and 6 is the width of the

(4)

cuts in the mandrel.
3. Materials and methods

3.1. Materials

The material under test is aluminum alloy 2024-T3, obtained as 1) hot-rolled bars with a diameter
of 32 mm, used to study the influence of the tolerance of the pre-drilled holes in a geometrical aspect
and the evolution of the residual circumferential stresses (X-ray diffraction analysis); 2) 5 mm thick
sheets, used to make one-dimensional tensile and fatigue test specimens. The chemical compositions
of the two materials are shown in Table 1. The two chemical compositions have similar values of their
respective chemical elements.

Table 1. Chemical composition in percentages (wt%) of 2024-T3 aluminum alloy in the form of bar
and sheet.

Al Si Fe Cu Mn Mg Zn Cr

bar 94.03 0.746 0.485 1.64 0.764 1.67 0.0192  0.0382

sheet  94.53 0.784 0.445 1.62 0.79 1.48 0.0176  0.0169
Ni Ti Be Ca Li Pb Sn Sr

bar 0.0186  0.0280 <0.0001 >0.0200 0.0025  0.237  0.0237  0.0004

sheet 0.0115 0.0485 <0.0001 <0.0001 0.0026  0.126  0.0077  0.0004
\% Na Bi Zr B Ga Cd Co

bar 0.0106  0.0156  0.0203  0.0074 <0.0005 0.0237 <0.0010 <0.0020

sheet 0.0108 0.0024 <0.005 0.0115 <0.0005 0.022  <0.0010 <0.0020
Ag Hg In Sb Ce La Mo Sc

bar 0.0018 <0.0050 0.0116  0.140  0.0197 0.0055 0.0037 <0.0005

sheet  0.0011 0.0052 0.0113 0.132  0.0172  0.0052  0.0026  <0.0005

The mechanical characteristics of the aluminum alloy were established via a one-dimensional
tensile test on the flat specimens with dimensions according to Figure 4 using a Zwick/Roell
Vibrophore 100 testing machine. To evaluate the effect of the presence of a central hole, the
mechanical tensile tests were carried out for two cases-without and with a central hole with a
nominal diameter of 8.5 mm. The result for each group was established as the arithmetic mean
obtained from three specimens showing that the presence of a central hole has little influence on the
static mechanical characteristics of the studied alloy (Table 2).

300

<4 .
< L

h 4

S
B N— h 4

o
80 Qy'

Figure 4. Geometry of the specimens for tensile tests.
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Table 2. Mechanical characteristics of 2024-T3 aluminum alloy without and with hole.

Type of specimens  Yield limit, MPa Tensile strength, MPa  Elongation, %
Without hole 319 430 17,5
With hole 331 429 10,5

3.2. New method implementation

To implement the modified split mandrel method, a tool and device with a hydraulic and
electronic drive and control were designed and manufactured (Figure 5). The longitudinally split
mandrel and the conical-cylindrical pin were fixed to the device via threads. Four symmetrical
segments were formed in the partially longitudinally split mandrel, and the width of the sections in
the mandrelis 6 =0.5 mm. The diameters of the working part of the split mandrel were D =8.37 mm

and d=8.05mm. Thus, the mandrel working part provided a constant tightness i=0.32 mm.

3.3. Experimental study of the influence of pre-drilled hole tolerance on cold-expanded hole diameter using the
new method

To assess the effectiveness of the new method, stressing pre-drilled holes with at least twice the
diameter tolerance compared to that of the known split sleeve and split mandrel methods is tested.
Thus, the pre-machining of the holes involves only drilling, eliminating subsequent reaming.
Evaluating the effectiveness of the new method in production conditions requires an experimental
evaluation of its technological capabilities in terms of the influence of the pre-drilled hole tolerance
on the stressed and final reamed hole diameters.

An experimental study was carried out on 34 bushing samples with the following nominal
dimensions: outer diameter of 32 mm and height of 8 mm. The front surfaces of the samples were
ground. Using this shape of the specimens excluded the influence of the external boundaries on the
strained and stressed states around the holes. The research was conducted in the following sequence:

1) Drilling the holes. Since the aim is for a relatively greater scattering of the drilled hole
diameters, a column drill is used, along with a 7.98 mm diameter drill bit.

2) Measurement of hole diameters d, and out-of-roundness Ad, in three sections: entrance

face (side “a”), exit face (side “b”) relative to the feed movement of the drill, and the middle plane.
Dimensions are measured with an accuracy of up to 1um using an Alberlink Axiom tss three-
coordinate measuring machine.

3) Identification of the three specimens having the minimum diameter dg i, , maximum
diameter dg . and average diameter of the hole after drilling, respectively. The samples are

labeled as follows: Spmin , S and SpaV , respectively;

Pmax
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Figure 5. Tool and device implementing the modified split mandrel cold working process: (a) the new
tool in the front position of the cone-cylinder pin; (b) the new tool in the rear position of the cone-
cylinder pin; (c) general view of the cold working device with tool, hydraulic station, and control
module.

4) Cold working of the specimen holes. The specimens are oriented to the front surface of the
support flange of the device in the same way: the entrance face is in contact with the support. This
orientation of the specimens corresponds to the case when all operations (i.e., drilling, mandrel cold
working, reaming) are performed under conditions of one-sided access. In this specific case, side “a”
coincides with the exit face in terms of the direction of the cold working tool’s pulling motion.

5) Measurement of diameters of stressed holes in characteristic sections. As a consequence of the
split mandprel, in the surface areas of the holes located opposite the slots in the mandrel, the material
does not undergo such plastic deformation as in the areas in contact with the segments. As a result,
the diametrical dimensions of the stressed holes are measured in two ways: a) with a measuring pin
passing through the hole, and b) using the Alberlink Axiom tss three-coordinate measuring machine.
The first measurement determines the minimum value of the diameters d,, ; in the axial sections of

the samples corresponding to the middle of the notches in the mandrel. The second measurement
determines the diameters in the three cross-sections: exit face (corresponding to side “a” when
drilling), middle plane and entrance face (corresponding to side “b”). These diameters correspond to
the axial sections in the samples defased in the circumferential direction at 45° to those in the first
measurement. During the second measurement, in the areas in contact with the split mandrel
segments deviations from roundness Ad.,, are also measured;

6) Comparing the diametric dimensions measured after drilling with those after cold working
of samples with the maximum and minimum hole diameters. Small differences confirm similar
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scattering of the holes after drilling and after cold working. Thus, the capability of the new method

of compensating for the relatively broad tolerance of pre -drilled hole diameters can be evaluated.
7). Selection of a reamer for the final reaming of holes and statistical evaluation of the scattering

of the final dimensions of processed holes. The reamer diameter dy is selected according to the

condition: dg 2dcw,_, where dcw,_ is the maximum measured diameter after cold working.

3.4. Residual stress measurement

The experimental specimens are bushing type with the following nominal overall dimensions:
outer diameter D=32 mm and thickness 8=6 mm. To evaluate the influence of the scattering of the

pre-drilled hole diameter, the tests were carried out on four samples whose holes were successively
drilled and reamed to obtain the following nominal diameters d: 8.14, 8.16, 8.20 and 8.30 mm

(Figure 6). After cold working, the holes were further machined by sequential reaming to obtain the
following diameters: 8.4, 8.5 and 8.6 mm. Thus, the influence of the thickness of the metal’s cut layer
around the stressed holes on the redistribution (evolution) of residual hoop stresses could be
evaluated in correlation with the diameters d.

a. b. c. d.

Figure 6. Experimental specimens for studying the residual hoop stress evolution: a. dy =8.14 mm
b. dg=8.16 mm;c. dy=820mm;d. dy=830mm.

A D8 ADVANCE diffractometer with a pin-hole collimator with a 1 mm diameter was used to
measure the residual stresses. The mode of operation of the X-ray tube (high voltage/current) was 30

kV/40 mA. The sin?y method and a numerical procedure based on the method of least squares

were used. The measured diffraction profile of the Al {311} plane had a maximum at 26 =139.3° for
the used chromium radiation filtered by a VKa filter. The diffraction profiles were determined via
the Pearson VII method, calculating the deformations of the aluminum alloy lattice in the Al {311}
direction. The Winholtz—Cohen method was applied for the generalized Hooke’s law with the

following elastic constants: s; =—4.514 TPa~! and %s2 =18.19 TPa~!. The following parameters

were used in the experiment: 20 range of 135°—143°, 260 step of 0.5° and a slope defined via
sin?y=0, 0.1, 0.2, 0.3, 0.4, 0.5 for both positive and negative values of the angle v . The effective
penetration depth of CrKa radiation was in the range 6.5—11um.

Taking into account the physical essence of the modified split mandrel method, the goal of the
measurement was to determine the hoop residual stresses in the radial direction from the hole edge
on the entrance and exit faces (in terms of tool movement) in the following two characteristic planes:
1) the plane of symmetry of the segment and 2) the plane of symmetry of the notch.

To evaluate the influence of the pre-machined hole tolerance and the thickness of the cut layer
of metal during the final reaming on the evolution of the circumferential residual stresses, the study
included the following three stages:

1) Investigation of the influence of the scattering of the pre-processed hole diameters (and, thus,
DCE) on the residual stress distribution after cold working.
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2) Study of the evolution of residual stresses depending on the thickness of the cut metal layer
during final reaming.

3) Investigation of the influence of the pre-processed hole diameter scattering (and, thus, DCE)
on the final residual stress distribution when ensuring the same final diameter.

3.2. Fatigue tests

Four groups of fatigue specimens, differing only in the way the holes were treated, were
fabricated with dimensions according to Figure 4 but with a central hole:
o Group I (reference). The holes have a diameter dy =8.5mm machined by cutting on a milling

machining center using interpolation (Figure 7a).
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a. b.

Figure 7. Fatigue test specimens: (a) First (reference) group specimens; (b) Second, Third, and Fourth
group of specimens.

e Group IL The holes are machined in the following sequence: cutting on a milling machining

center to a diameter dy =8.0 mm, cold working with DCE = dLXIOO =0.04x100=4% , and final
0

reaming to a diameter of 8.5 mm (Figure 7b).
o Group III. The holes are machined in the following sequence: cutting on a milling machining

center to a diameter dy=8.1mm, cold working with DCE = dLXIOO =0.0395x100=3.95%, and
0

final reaming to diameter of 8.5 mm (Figure 7b).
e Group IV. The holes are processed in the following sequence: cutting on a milling machining

center to a diameter dy =8.2 mm, cold working with DCE = dLXIOO =0.039x100=3.9 %, and final
0

reaming to diameter of 8.5 mm (Figure 7b).

The modified split mandrel process was carried out with the same orientation in the hoop
direction of the split mandrel: the tool was positioned so that the plane of the critical section of the
specimen coincided with the plane of symmetry of any segment. This sequence of hole processing
ensures the same final hole diameter and, thus the same critical section of the fatigue specimens of
all groups. On this basis, the following comparative assessments could be conducted: 1) evaluating
the effect of the modified split mandrel method based on a comparison of Groups II, III, and IV with
Group |, i.e., with the conventional case of machining the holes by cutting only (drilling and reaming);
2) evaluating the effect of scattering of the pre-drilled hole diameters (before cold working) on the
fatigue behavior of the respective samples; 3) evaluating the repeatability of the fatigue behavior.

The fatigue behavior of the specimens from each group was investigated via pulsating cycle
fatigue tests (R =0) using Zwick/Roell Vibrophore 100 testing machine in the dynamic mode of
operation (Figure 8). Fatigue tests were performed at a frequency corresponding to a selected
resonance frequency by the testing machine. In this study, the fatigue behavior was evaluated based
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ontestsupto N= 10° cycles. The experimental results for all groups were summarized in S-N curves
in a double logarithmic coordinate system.

1R

Figure 8. Zwick/Roell Vibrophore 100 testing machine in dynamic mode of operation.
4. Results and discussion

4.1. Influence of pre-drilled holes tolerance on cold-expanded holes in a geometrical aspect

The clearance compensation between the base cylindrical surface of the split mandrel and the
surface of each pre-drilled hole was determined by the minimum value of the measured d, for the

three sections: entrance face (side “a”), middle plane, and exit face (side “b”). Based on the measured
minimum hole diameter values after drilling, a distribution histogram for d, was built (Figure 9).

The histogram is plotted for interval length

dO,maX - dO,min —0.005 mm
S 7

where s is the number of intervals (i.e., 9); f; =— is the relative frequency, where n,, is the total
IlW

number of samples (i.e., 34) and z; is the number of samples whose diameters fall within a given

interval. The scattering of hole diameters after drilling is

dO,max - dO,min =8.045-8=0.045 mm.
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Figure 9. Histogram of the diameter d of pre-drilled hole distribution.

The DCE limits are as follows:

DCE :;x100:0.0397><100=3.97%,

0, max

min

DCE,. .. =— %100 =0.04x100=4 % .

max
0,min

The geometric condition for unhindered entry of the split mandrel (see Eq. (4)) is fulfilled:

V83722052 —— %% _7855mm< do.min =8.00 mm .
. 180° |
874

The measured hole diameters d, after drilling and the deviations from roundness Ad, for the

three sections of the identified samples Sp,;, (with minimum diameter), Sp,, (with average
diameter), and Sp,, (with maximum diameter) are shown in Table 3. The measured geometric
parameters of the holes in samples Spin, Spay, SPmax - and after cold working are shown in Table
4. The minimum diameters dcw i min Were measured in the axial sections corresponding to the plane
of symmetry of the slots in the mandrel, and the diameters dcyw and out-of-roundness Adcy were

measured in the axial sections corresponding to the planes of symmetry of the segments.
The difference between the diameters dcyy i, determined on the basis of the specimens with

maximum and minimum diameter after the cold working (Sp . and Sp;, Specimens), is

V83722052 —— %% _7855mm< do.min =8.00 mm .
. 180° |
874

The difference between the diameters dcyw ;, determined on the basis of the specimens with

maximum and minimum diameter after the cold working (Sp.x and Sp,i, specimens), is

dCW,i,maX - dCW,i,min =8.16—8.12=0.04 mm.
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Table 3. Geometric parameters of the specimens with maximum, minimum and average diameters
after drilling.

Specimen Parameter, mm Face “b”, mm Mlddrl:n[:lane, Face “a”, mm
Sp dg domin = 8.000 8.020 8.029
Ady 0.026 0.032 0.033
Sp. dg dgay =8.022 8.036 8.038
Ady 0.022 0.010 0.007
Sp do 8.049 domax = 8.045 8.046
Ady 0.021 0.011 0.026

Table 4. Geometric parameters of the holes in Spyin, Spay, and Sppax specimens after cold

working.
In th 1
‘ Minimum diameter n the segment symmetry plane
Specimen . Cold . Cold
in the slot . Cold working . .
symmetrv plane Parameter working 1ddle ol working exit
y P entrance face middie plane face
dew 8.242 8.215 8.223
SPmin  dew,i,mi 8.12
min - TCW.bmin Adcw 0.011 0.011 0.010
dew 8.276 8.246 8.249
Sp dew,i 8.14
v W Adcw 0.005 0.011 0.008
dew 8.287 8.259 8.262
Sp dew,i 8.16
max. TEW L max Adcw 0.001 0.009 0.006

In addition, the differences between the measured diameters dcyw ; for samples Sp,, and

SPmin for the entrance face, middle plane, and exit face are 0.045, 0.044 and 0.039 mm, respectively.
These values are similar to the diameter differences measured in these samples after drilling. This
result indicates the technological possibilities of the modified split mandrel cold working method for
compensating the clearance between the base cylindrical surface of the mandrel and the surfaces of
the pre-drilled holes with a relatively wider tolerance.

Based on the maximum measured value of dcw =8.287 mm from Table 4 a reamer with a
diameter of dg =8.3 mm was selected for the final reaming of the holes which was performed on a
Haas Mini Mill machining center. After reaming, the final hole diameters d; and the deviations
from roundness Ad; in the three sections were measured. A histogram visualizing the scattering of

final hole diameters d; in the three sections is shown in Figure 10.
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Figure 10. Histogram of the distribution of the final hole diameters dy .

Figure 10 indicates that the greatest scattering of the final reamed hole diameters d; was

observed on the front side of the samples, corresponding to the side of the entry of the working part
of the tool (cold working entrance face), and the least occurred on the side of the exit face (cold
working exit face). Additionally, the average final diameter was maximum in the section from the
entrance face, and the smallest was in the section from the exit face (Table 5), i.e., cone-shaped holes
were observed after final reaming. this phenomenon was due to the non-uniform stressed and
strained state in the different cross-sections along the sample thicknesses as a result of the
deformation wave moving along the axis of the hole during the pulling movement of the tool. At the
the hole surface located near the cold working entrance face, the stressed state was two-dimensional,
while the strained state was three-dimensional. The mid-section points of the specimens were in a
near-plane-strained state due to the influence of the adjacent layers. Near the cold working exit face,
the area in contact with the support flange of the cold working device, the stressed state was three-
dimensional. On the other hand, the translational deformation wave along the hole axis caused the
holes to have a conical shape and a surface upset effect [31]. In summary, an axial gradient was
presented in the stressed and strained state inherent in mandrel cold working methods [24,25].

For functional purpose of the holes stressed using the new method, the differences in the
dispersion of the final hole diameters d; in the three cross-sections are of no practical significance.

The arithmetic mean values d; (Table 5) represent the centers of distribution of the final hole

diameters in the three sections. On this basis, the center of distribution of the out-of-roundness of the
prestressed holes (predicted using the new method) was =0.008 mm (Table 5). For aerospace

applications, cold-worked fastener holes are commonly used for riveted joints. The resulting
deviation from the cylindricity of the holes after the final reaming can be compensated during the
riveting process, characterized by plastic deformation in the area of the closing head and elastic-
plastic deformation in the area of the rivet shank.

Figure 11 shows a comparison of the arithmetic means values of the deviations from roundness

after drilling Ad, and after final reaming Ad; (Table 5). Roundness deviations obtained after

drilling were significantly reduced after cold working and final reaming. The reduction was greatest
for the exit face: 8.76 times. For the middle section and the entrance face, the deviations from
roundness are reduced by 3.87 and 3.66 times, respectively.
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Figure 11. Arithmetic mean values of roundness deviations after drilling and after final reaming.

Of note, the obtained results are based on a worst-case scenario of the scattering of the pre-
drilled hole diameters (a hand column drill was used). The use of modern metal cutting machines for
drilling holes can significantly reduce the scattering of the diameters and deviations of the drilled
holes. As confirmed in this study, after compensating for the respective clearances and cold working,
the scattering of the stressed hole diameters does not differ substantially from that after drilling. The
significantly smaller scattering of the stressed hole diameters and the deviation from cylindricity can
reduce the maximum thickness of the cut layer of metal in the final reaming, leading to significantly
less scattering of the stressed and strained state of the material around the holes.

4.2. Residual stresses

4.2.1. Influence of the scattering of pre-drilled hole diameters on the circumferential residual
stresses after cold working

Figure 12 visualizes the influence of the scattering of the pre-drilled hole diameters on the
residual hoop stress distributions on the entrance and exit faces of the samples after cold working in
the planes of symmetry of the segment and the slot, respectively. In this way, the effect of varying
the DCE on the residual stress distribution can be evaluated. The following is observed:

e An axial gradient is in the residual hoop stress distribution, typical for all mandrel cold
working methods: the compressive zone is more pronounced from the exit face because of the
deformation plastic wave moving axially.

e The scattering of the pre-drilled hole diameters in the studied range (and, thus, DCE) causes
scattering of the residual stress distribution, which differs in the segment and slot symmetry planes.
The residual stresses at the points of the hole surface are mostly grouped on the entrance face in the
plane of symmetry of the segment (Figure 12a), where the difference is only 7.6 MPa. The scattering
of the surface residual stresses is greater in the plane of symmetry of the notch (Figure 12¢, d), where
no significant difference is observed on the entrance and exit faces of the samples.

o Despite the absence of direct contact with the split mandrel, a zone of significant compressive
residual circumferential stresses is observed in the planes of symmetry of the slots in the mandrel.
This result can be explained by the nature of the mechanical impact of the segments on the points of
the hole surface near the slots. During cold working, tensile hoop stresses are due to the impact of
the segments on the material near the slots. After the tool exits, as a result of the accumulated
potential energy of strains, significant compressive residual circumferential stresses form in the
elastically deformed layers.
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Figure 12. Influence of the scattering of pre-processed holes on residual hoop stress distribution after
cold working: a. segment symmetry plane — entrance face; b. segment symmetry plane — exit face; c.
slot symmetry plane — entrance face; d. slot symmetry plane — exit face.

@ The change in DCE reflects opposite tendencies of residual stress distributions on the entrance
and exit faces for the two planes of symmetry. The maximum DCE (3.93%) leads to the muost
pronounced compressive zone on the entrance face in the segment plane of symmetry (Figure 12a),
and vice versa—the compressive zone corresponding to DCE =3.93% is the least pronounced on the
entrance face in the slot symmetry plane. For the entrance face, the cold working process with
minimum DCE (3.85%) leads to the smallest compressive residual stresses in the segment symmetry
plane (Figure 12a) and the largest absolute compressive residual stresses in the notch symmetry plane
(Figure 12c). The trend in the residual stress distribution obtained for the exit face is opposite opposite
(Figure 12b, d).

4.2.2. Residual stress evolution depending on the thickness of the cut metal layer around the hole

Figure 13 shows the residual hoop stress distribution for a sample with an initial hole diameter
dyp =8.16 mm (after drilling and reaming) and its evolution after cold working and successive

reaming to achieve holes with diameters d¢ of 8.4, 8.5, and 8.6 mm. The following is observed:

e In general, the evolution in the distribution of residual hoop stresses introduced by cold
working results in the formation of a compressive zone near the periphery of the hole in the segment
and slot symmetry planes. This indicates the effectiveness of the modified split mandrel cold working
method in creating a pronounced zone of useful residual circumferential compressive stresses around
the stressed hole.

e The removal of plastically deformed metal layers around the stressed hole by reaming leads
to a redistribution of the residual stresses and an intensification of the compressive zone. An
exception to this trend is the residual stress redistribution in the slot symmetry plane on the specimen
entrance face. The degree of intensification of the zone with compressive residual stresses is
dependent on the thickness of the sheared metal layer in the two planes of symmetry. The
compressive zone is most intense after the last reaming to obtain a hole diameter d¢ =8.6 mm in the

slot symmetry plane in the exit face.


https://doi.org/10.20944/preprints202312.1896.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2023

Distance from the hole edge, mm

Distance from the hole edge, mm

doi:10.20944/preprints202312.1896.v1

19

o
B
=

o
2

—¢— Drilling and first reaming

—ea— Cold working - d = 8.38 mm

—#— Reaming - d = 8.4 mm
—a— Reaming - d = 8.5 mm

—s— Reaming - d= 8.6 mm

N

_\ 1) ‘
i S

X

=#— Duilling and first reaming
—o=— Cold working - d = 8.38 mm

I{)(“ 0.5 1 1.5 2 2.5 3 35 4 4.5 5 'H)(‘O 0.5 1 L5 2 25 3 35 4 4.5 5
)
5 Segment symmetry plane - entrance face ‘ ‘ do=8.16 mm o Segment symmetry plane - exit face | ‘ do=8.16 mm
50 a8 50
= =
§A 0 g0 —
g 50 — g - -
£ 2 —
T /)\"’"’;"—*‘"*”d e 1 =
g e o F =
2 % 59“\\‘/ ':—’jw‘q/ é /%
— o fi-
5 5 <> == Drilling and first reaming = = Drilling and first reaming
o —e— Coldworking-d=838mm| = o= Cold working - d = 8.38 mm
2 7 ;
é =250 —4— Reaming - d = 8.4 mm é —¢— Reaming - d = 8.4 mm
300 —+— Reaming - d = 8.5 mm —>= Reaming - d =8.5 mm
—=— Reaming - d = 8.6 mm ~~ Reaming - d = 8.6 mm
a. b.
Distance from the hole edge, mm Distance from the hole edge, mm
0 0.5 1 1.5 2 25 3 35 4 4.5 5 0 0.5 1 1.5 2 2.5 3 335 4 4.5 5
100 . 100
£ Slot symmetry plane - entrance face do=8.16 mm - Slot symmetry plane - exit face d,=8.16 mm
50
= E 50
P
g 0 b g0
g 50 o1 g
= L - —
o =
g100 . — 2100 - =i
2 — ==
= 156 5= g
= e =-150
2 200 - E =
Z =]
o 4
-

—'— Reaming - d = 8.4 mm
—— Reaming - d = 8.5 mm

~ Reaming - d = 8.6 mm

c. d.

Figure 13. Evolution of the residual hoop stress distribution after cold working and consecutive
reaming of the holes: a. segment symmetry plane — entrance face; b. segment symmetry plane — exit
face; c. slot symmetry plane — entrance face; d. slot symmetry plane — exit face.

e The experimentally obtained graphs for the residual stress evolution allow the choice of an
appropriate thickness for the cut layer, achieving homogenization of the area with residual
compressive stresses along the hole axis. The removal by reaming a thin, 0.08 mm thick layer of metal
after cold working until reaching a diameter dy =84 mm (Figure 13) leads to a reduction in the axial

gradient, i.e., until homogenization of the zone with useful residual compressive stresses around the
hole. This effect is due to the favorable residual circumferential stress redistribution after the metal
layer removal of suitable depth. The effectiveness of this approach has been substantiated for both
circular and non-circular apertures [32,33]. Therefore, the mandatory final reaming operation can
provide a beneficial effect of homogenizing the zone of residual compressive stresses in the axial
direction and, thus, improve the fatigue behavior.

4.2.3. Effect of pre-drilled hole diameter scattering on the final residual hoop stress distribution

The approach ensuring the same final diameter of the stressed holes is of practical importance.
Therefore, the object of comparative research assessed samples with pre-processed holes with
different diameters (8.14, 8.16, 8.30 mm) and the same final diameter d; =8.6 mm after reaming.
Figure 14 visualizes the final residual stress distribution in the segment and slot symmetry planes on
the entrance and exit faces of the samples, depending on the pre-processed hole diameter. Thus, the
change in the final residual stress distribution as a function of the cut metal layer thickness after the
final reaming could be evaluated. The following is observed:


https://doi.org/10.20944/preprints202312.1896.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2023 doi:10.20944/preprints202312.1896.v1

20
Distance from the hole edge, mm Distance from the hole edge, mm
mnn 05 1 15 2 25 3 35 4 45 s ]000 0.5 1 15 2 25 3 35 4 45 5
< o o
% Segment symmetry plane - entrance fucn[ dg= 8.6 mm 52: 50 Segment symmetry plane - exit face ‘ dy= 8.6 mm
50
g o g0
A 7]
5 s — & -50 =] PO
£-100 - //r/ 2-100 —
=]
2150 == — 2150 W 1
-; -200 —e— d,=8.14 mm (DCE=3.93 %) 73-200 oS —o— do= 8.14 mm (DCE=3.93 %)
'E 250 —— d,= 816 mm (DCE=3.92 %) g_zg(ﬁw‘ﬁ_{/ —t= d,= 8.16 mm (DCE-3.92 %)
23 5 gy o “Eoq RS
od - —+— d,=8.30 mm (DCE=3.85 %) M-J{JO | | T’ —o— d,= 8.30 mm (DCE=3.85 %)
a. b.
Distance from the hole edge, mm Distance from the hole edge, mm
0o 03 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
100 100
£ Slot symmetry plane - entrance face de=86mm| g Slot symmetry plane - exit face ‘ d¢=8.6 mm
= 50 % 50
g o g o /‘i
wl e 172
£ 0 L g 50 Wil
v - I
=100 a.-100 ]
g g e |
=150 2 -150
I | a—— = = ;
2 200 4 —— d,=8.14mm (DCE=393%)| £ -200% —o— do= 8.14 mm (DCE=3.93 %)
AN — d,-816mm(DCE3.92%)| B 950 —o— = 8.16 mm (DCE=3.92 %)
25 72
= —— 4, 830mmDCE385%) & \ —— dy= 830 mm (DCE=3.85 %)

c. d.

Figure 14. BansHue Ha pa3ceiiBaHeTO Ha AMaMeThbpa Ha IIpeABapuTeAHO 0OpaboTeHnTe OTBOPY BEPXY
¢$puHaaHOTO paspeseseHne Ha OCTAaTHIHITE OKPBXXHI HAIIPeXXeHIsT: a. segment symmetry plane —
entrance face; b. segment symmetry plane — exit face; c. slot symmetry plane — entrance face; d. slot
symmetry plane — exit face.

o In general, the final residual hoop stress distribution, depending on the diameter of the pre-
processed hole, differs character in the two planes of symmetry on the entrance and exit faces. The
scattering is the least (=40 MPa) along the entrance face in the segment symmetry plane and the
greatest (=120 MPa) along the entrance face in the slot symmetry plane.

® The cold working process with the largest DCE (3.93%) and, thus, the removal of a layer of
metal with the largest thickness during the final reaming lead to a significant axial gradient in the
final residual stress distribution, especially in segment symmetry planes (Figure 14a b). The cold
working process with the smallest DCE (3.85%) leads to a significant gradient in the hoop direction:
the residual stresses in the slot symmetry planes are significantly greater in absolute value compared
to the segment symmetry planes for both the entrance and exit faces. The axial and circumferential
gradients are the smallest when the DCE is 3.92%;

® This comparative study is based on an excessively large scatter (0.16 %) of the pre-drilled hole
diameters d( to elaborate on the effect of varying the DCE and the metal cut layer thickness in the
final reaming on the final residual stress distribution. Nevertheless, the modified split mandrel
process provides an intense zone of useful residual circumferential compressive stresses near the
surface of the hole in the two investigated symmetry planes and on both sides of the specimens. The
compressive zone created occurs at a relatively large depth: more than 5 mm from the periphery of
the hole.

4.3. Fatigue behaviour

4.3.1. Fatigue life improvement

The obtained S-N curves for the four groups of experimental samples are shown in a double
logarithmic coordinate system in Figure 15. The S-N curves show the following trends:
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Figure 15. S-N curves.

e The fatigue life of the three groups of specimens whose holes were prestressed by the modified
split mandrel cold working improved significantly compared to the reference first group of
specimens. This validates the effectiveness of the new cold working method for improving the fatigue
behavior of components with fastener holes made of 2024-T3 aluminum alloy. The increase in fatigue

life based on 10° cycle fatigue strength compared to the reference group is greatest for the specimens

of Group IV: from 151300 to 10 cycles, i.e., more than six times.
® The S-N curves corresponding to the specimens of Groups II, III, and IV, whose holes were
prestressed by the new split mandrel process, are very close to each other. This confirms the
effectiveness of the new method in the conditions of excessive scattering (0.2 %) of pre-drilled holes.
e A slight tendency to change the slopes of the S-N curves in correlation with the nominal
diameter of the pre-drilled holes is observed. Although the DCE is the largest for Group II

(DCE =4 %), their corresponding S-N curve shows a tendency toward the lowest value of 10° cycle

fatigue strength compared to those for Groups III and IV. The greatest fatigue life is observed in
Group IV, whose pre-drilled holes have the largest nominal diameter, i.e., DCE is the smallest (3.9%).
The difference in the obtained S-N curves can be explained by the difference in the introduced
residual compressive circumferential stresses around the hole after cold working and, above all, by
the effect of redistribution of these stresses due to the removal of a plastically deformed layer of metal
of different thickness after the final reaming. The appropriate thickness of the metal cut layer via the
final reaming minimizes the residual stress axial gradient and, thus, homogenizes the compressive
zone.

4.3.2. Repeatability of the fatigue behaviour behavior

To evaluate the repeatability of the fatigue behavior of specimens whose holes were prestressed
using the new method, Groups II, III, and IV (20 specimens each) were subjected to a cyclic tensile
pulsation cycle with the same stress amplitude of 170 MPa until complete destruction. The number
of cycles to failure was determined for each specimen. The center of clustering was taken as the final
number of cycles for each group. Figure 16 shows that the number of cycles to failure of the three

doi:10.20944/preprints202312.1896.v1
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groups for a stress amplitude of 170 MPa varies in a narrow range: from 497450 for the Group IV to
518820 for Group II. These results confirm the observed trend for S-N curves and show that the new
method provides a constant fatigue strength for a given stress amplitude.

¢ LogN
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3] 506990 497810
o3 .l'lom
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Figure 16. Repeatability of the fatigue behavior.

5. Conclusions

This paper presents a new modified split mandrel method, tool, and device for prestressing
fastener holes in aircraft components. The main advantage of the new method is that it provides the
same tightness (interference fit) when a relatively wide tolerance of the pre-drilled hole diameters is
allowed. As a result, the number of process steps (11 in the basic split mandrel cold working method)
and production costs are reduced. Using the developed tool and device, an experimental study of
2024-T3 aluminum alloy samples was conducted to evaluate the effectiveness of the new method
with a relatively large scattering of the pre-drilled hole diameters. The major new findings concerning
the effectiveness of the new split mandrel method are as follows:

e  The effectiveness of the new method according to a geometric criterion has been validated based
on a comparative statistical evaluation of the distribution of the hole diameters in a series of
samples successively processed by drilling, cold working, and final reaming,.

e  The relatively large scattering of the pre-drilled hole diameters (0.16 mm at a nominal diameter
of 8 mm) leads to a scattering of the residual circumferential stress distribution, characterized
by a gradient in the axial and circumferential directions. Regardless of the scattering, the new
method provides an intense and deep zone (5 mm) of useful residual circumferential
compressive stresses on both faces of the specimens after cold working and after the final
reaming of the holes.

e  The removal of a plastically deformed layer of suitable thickness around the hole during final
reaming provides a homogenizing effect of the residual circumferential stress zone in the axial
direction, which favors the improvement in fatigue behavior.

e Based on a comparative experimental study of fatigue behavior in a pulsating cycle, the
effectiveness of the modified slpit mandrel method increases fatigue life significantly (more than
six times on a basis cycle fatigue strength) compared to the conventional case of machining holes
with only cutting.

e  The obtained S-N curves confirm the effectiveness of the new method in the conditions of
excessively large scattering (0.2 mm at a nominal diameter of 8 mm) of the pre-drilled hole
diameters.

e  The obtained experimental results correspond to a worst-case scenario of the diameter scattering
of the pre-drilled holes. Therefore, the reduction of the dispersion of the diameters and
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cylindricity deviations of the pre-drilled holes are reflected in a significant increase in the
efficiency of the modified split mandrel method.
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