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Abstract. For the large-diameter 7050 aluminum alloy lug hole, a primary and secondary cold-expansion
strengthening of the interference-fit sleeve was conducted. By measuring residual stress, deformation, and rough-
ness, the influencing factors of high cold-expansion strengthening for large holes were studied. Based on exper-
imental observations, simulation analysis was performed to investigate control measures. The study revealed
that secondary cold-expansion strengthening of the interference-fit sleeve can effectively mitigate the uneven
residual stress at both ends of the specimen. As the relative extrusion amount increases during secondary cold-
expansion strengthening, both the peak residual compressive stress and the depth of the stress layer increase
further alongside greater plastic deformation within the lug hole. At the same relative extrusion amount, the
residual compressive stress at the extruded end of the specimen with unidirectional interference-fit sleeve sec-
ondary cold-expansion strengthening is higher than that at the extruded-in end, while the residual compressive
stress at both ends of the specimen with bidirectional interference-fit sleeve secondary cold-expansion strength-
ening remains nearly identical. Optimizing the length of the interference-fit sleeve can effectively enhance the

residual compressive stress at the extruded-in end of the lug hole.

1 Introduction

With the continuous advancement of industrial capabilities,
high-end aviation equipment imposes increasingly stringent
requirements on the fatigue life of structural components op-
erating under extreme service environments, such as high-
speed airflow, vibration, and impact (Zhang et al., 2022). As
the primary structural form for wing—body connections in
modern aviation equipment, aluminum alloy lug holes typ-
ically withstand complex alternating loads (Aglawe et al.,
2023); improper design can easily lead to damages such as
fatigue cracks in the lug holes. Fatigue fracture represents
the principal failure mode of aircraft airframe structures,
with approximately 70 % to 90 % of airframe accidents be-
ing caused by the failure of structural connection holes (Kim
et al., 2022; Kumar and Babu, 2018). Therefore, reasonable
and effective strengthening technologies are of significant
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value for improving the fatigue performance and service life
of connection hole structures (Su et al., 2023).

Currently, the cold-expansion strengthening process has
become the primary method for enhancing the fatigue
strength of aircraft connection holes owing to its advan-
tages of simple operation, low cost, excellent controllabil-
ity, and significant strengthening effects (Warner et al., 2014;
Tang et al., 2024; Wang et al., 2024). Domestic and interna-
tional scholars have conducted relevant research on single-
pass cold-expansion strengthening. Wen et al. (2015) inves-
tigated the distribution patterns of residual stress and micro-
hardness near the lug hole after cold-expansion strengthen-
ing, discovering that a microstructural strengthening layer
with a radial depth of approximately 150 pm was formed on
the hole wall surface, significantly improving both the fatigue
life and the fatigue strength of the lug hole. Ye et al. (2022)
utilized a refined finite-element model to study the impact
of cold-expansion strengthening on the fatigue performance
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of multi-connection holes. Their findings indicate that appro-
priately increasing the expansion level can significantly en-
hance the tangential residual compressive stress around the
hole while simultaneously expanding the distribution area
of compressive stress along the plate thickness and between
adjacent holes, thereby effectively inhibiting crack initiation
and elevating the ultimate load-bearing capacity of the con-
nection structure.

Wang et al. (2017) researched the effect of direct mandrel
cold-expansion strengthening on the fatigue life of AA6016-
T6 fastener holes. The experimental results demonstrated
that the fatigue life of the specimens increased by 2.47 times
after cold-expansion strengthening; however, direct man-
drel cold-expansion strengthening is prone to causing hole
edge protrusions and hole wall abrasions. Building upon
the direct mandrel cold-expansion strengthening method, the
interference-fit sleeve ForceMate (Bombardier et al., 2019)
was introduced, known as the interference-fit sleeve cold-
expansion strengthening method. In this process, a mandrel
pushes a clearance-fit sleeve axially into the structural hole,
causing the sleeve to expand radially and inducing controlled
plastic deformation on the hole wall. After the mandrel is
withdrawn, the hole wall undergoes elastic springback, in-
troducing beneficial residual compressive stresses to both the
hole and the outer wall of the sleeve. Meanwhile, the sleeve
permanently remains within the lug hole, further delaying fa-
tigue crack initiation and propagation and significantly en-
hancing the service life and damage tolerance of the connec-
tion hole (Lin et al., 2023).

Fu et al. (2015) investigated various cold-expansion
strengthening processes for aircraft connection holes, ana-
lyzing the influence of factors such as expansion level and
geometric dimensions on residual stress and fatigue life.
Addressing the application trend of new materials like tita-
nium alloys, they pointed out the current insufficiency of re-
search on cold-expansion strengthening technology for hard-
to-deform materials, emphasizing the urgent need for tar-
geted research to optimize process parameters and provide
a theoretical basis for the strengthening of novel aviation
structures. Maximov et al. (2013) proposed a novel symmet-
rical cold-expansion strengthening method and tool, achiev-
ing uniform hole wall strengthening through radial expan-
sion and obtaining a residual compressive stress distribution
that is symmetrical along the plate thickness with a mini-
mal gradient. Through finite-element simulation and fatigue
testing, they verified that this method can more significantly
improve the fatigue life of hole-containing components com-
pared to traditional mandrel cold-working and ball expan-
sion processes. According to Yuan et al. (2015), the fatigue
life of TC4 titanium alloy open-hole specimens increased
by 1.7 to 2.2 times after hole expansion strengthening. Di-
rect cold-expansion strengthening of 6016-T6 aluminum al-
loy bolted connection holes resulted in a 2.47-fold increase
in fatigue life. Further analysis revealed that fatigue cracks in
cold-expanded specimens mostly originated at the hole cor-
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ner on the mandrel entry side and that the cracks bypassed the
triaxial compressive stress zone during propagation, which
is beneficial for extending fatigue life. Emami Geiglou and
Chakherlou (2019) studied the effect of the cold-expansion
strengthening process on the fatigue performance of 7075-
T6 aluminum alloy double-lap shear joints using a combi-
nation of numerical simulation and experimental methods.
Tangential stresses at different angles around the hole were
extracted to predict the initiation location of fatigue cracks in
the thickness direction. The experiments demonstrated that
cold-expansion strengthening can significantly increase fa-
tigue life, and the improvement effect becomes more pro-
nounced with lower applied loads and larger cold-expansion
strengthening levels.

Yan et al. (2023) proposed a bi-directional cold-expansion
strengthening process. By sequentially extruding mandrels
with different interference levels from both sides of the hole,
the sleeve fits more tightly against the hole wall, effectively
eliminating the residual tensile stress and zero contact pres-
sure zones generated on the entry side by traditional uni-
directional cold-expansion strengthening. The optimized bi-
directional cold-expansion strengthening achieved larger and
more uniform residual circumferential compressive stresses
in the thickness direction. When appropriate strengthening
parameters are employed, the fatigue life of through-holes
can be improved by more than 2 times (Shuai et al., 2019).
Chen et al. (2025) investigated the influence of the cold-
expansion strengthening mandrel front cone angle on the fa-
tigue life of titanium alloy open-hole structures, finding that,
as the front cone angle increases, the fatigue life first im-
proves and then decreases, with the optimal fatigue life cor-
responding to a front cone angle of 15°. A front cone angle
that is either too small or too large is detrimental to achiev-
ing optimal fatigue performance. An appropriate front cone
angle can reduce strengthening resistance, minimize the mi-
crohardness difference around the hole edge, narrow the con-
centration range of tensile strain, and delay the crack propa-
gation rate and stiffness degradation. Hui et al. (2022) stud-
ied the effects of the structural parameters of 7075-T651 alu-
minum alloy lugs on their fatigue life. Through experiments
and finite-element analysis, they found that, as the lug’s pro-
jected extrusion area and outer edge angle increased, the fa-
tigue life improved by 26 % and 17.8 %, respectively, with
the projected extrusion area having a more significant im-
pact; the bottom chamfer had essentially no effect on fatigue
life. The results indicated that the peak stress decreases with
increases in these parameters and is the primary factor affect-
ing fatigue life. Cracks all propagated along the minimum net
cross-section of the lug, and fracture analysis showed that
cracks initiated from one side and propagated until fracture.

Currently, there is relatively little research on the influ-
ence of key factors in interference-fit sleeve cold-expansion
strengthening under large hole diameters and high relative
expansion levels. Addressing the phenomenon of uneven ex-
pansion effects that occur after cold-expansion strengthen-
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Figure 1. Shape and dimensions of the lug-hole specimen (unit:
mm).

ing (Achard et al., 2017; Reid, 2014), this paper takes the
7050 aluminum alloy large-diameter lug hole specimen as
the research subject. Based on the primary cold-expansion
strengthening of the interference-fit sleeve, forward and re-
verse secondary cold-expansion strengthening experiments
and simulation analyses under high relative expansion lev-
els were conducted. This study investigates the effects of the
relative expansion level on the residual stress and the plastic
deformation of the specimen’s end faces and inner hole wall
and proposes optimization measures to address the difference
in residual compressive stress between the extruded-in and
extruded-out ends.

2 Materials and methods

2.1 Experimental materials

The lug-hole specimens were fabricated from 7050 high-
strength aluminum alloy in the T7451 temper condi-
tion, and their chemical composition is listed in Ta-
ble 1. The interference-fit sleeves were made of marten-
sitic precipitation-hardening stainless steel 0Cr13Ni8Mo2Al,
which possesses ultra-high strength, excellent impact resis-
tance and fracture toughness, and good resistance to stress
corrosion (Almeraya-Calderdén et al., 2022; Afonso et al.,
2023). The basic mechanical properties of the lug-hole spec-
imens and the interference-fit sleeves at room temperature
are presented in Table 2. The geometric dimensions of the
lug-hole specimen are illustrated in Fig. 1, with the inner di-
ameter of the lug hole being specified as ®50H8 mm. The
interference-fit sleeve has a length of 58 mm and an outer di-
ameter of ®50h8 mm, while its inner diameter is determined
by the relative expansion level. Additionally, the inner wall
of the sleeve is uniformly coated with a molybdenum disul-
fide dry-film lubricant.

2.2 Experimental methods

The lug-hole specimens were strengthened using the
interference-fit sleeve cold-expansion process, as illustrated
in Fig. 2. Specimens were fabricated from the same batch of
materials and designated as 1-1#, 1-2#, 1-3#, and 1-4# for the
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Figure 2. Schematic diagram of the interference-fit sleeve sec-
ondary cold-expansion strengthening process. (a) Primary cold ex-
pansion, (b) secondary cold expansion.

primary cold-expansion strengthening experiments, with rel-
ative expansion levels set at 1.7 %, 2.0 %, 2.3 %, and 2.5 %,
respectively. An additional set of specimens from the same
material batch, designated as 2-1#, 2-2#, 2-3#, and 2-4#, was
used for the reverse secondary cold-expansion strengthening
experiments. For these, the primary relative expansion level
was uniformly set at 1.7 %. Following primary expansion, the
sleeves were removed, and reverse secondary cold-expansion
was performed at relative expansion levels of 1.7 %, 2.0 %,
2.3 %, and 2.5 %, respectively.

The relative expansion level, denoted by 7, is calculated as
follows:

n ! i ]OO (1)
= X %
D, 7

m

where D; is the diameter of the working section of the expan-
sion mandrel, D,, is the inner diameter of the interference-fit
sleeve, and D,, is the initial inner diameter of the lug hole.

The experimental equipment utilized a gas—liquid booster
pump station and a dedicated puller gun. During the exper-
imental procedure, the clearance-fit sleeve was initially po-
sitioned within the lug hole of the specimen. Then, the non-
working end of the mandrel was passed through the sleeve
hole and connected to the puller gun. The nose cap installed
at the front end of the puller gun restricted the axial move-
ment of the sleeve. Driven by the pump station, the puller
gun enabled the mandrel to pass through the lug hole at
a uniform speed. The working section of the mandrel pro-
gressively expanded the sleeve along the expansion direc-
tion until it completely exited the inner wall of the lug hole,
thereby concluding the first-pass cold-expansion strengthen-
ing experiment. Subsequently, the sleeve was removed and
replaced with a new sleeve of the corresponding specification
to conduct the reverse secondary cold-expansion strengthen-
ing experiment. To minimize potential damage to the struc-
tural connection hole during removal, a combined method
of cutting and pulling was employed to extract the original
sleeve. The experimental procedure proceeded as described
above. For analytical convenience, the mandrel-entry end of
the first-pass cold expansion is designated as end face A, and
the mandrel-exit end is designated as end face B.

To investigate the radial residual stress distribution on the
hole wall of the lug-hole specimen after the interference-
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Table 1. Chemical composition of 7050 aluminum alloy material (wt %).

Types of elements Zn Mg Cu Zr

Si Fe Mn Cr Al

7050-T7451 6.02 231

2.04 0.10 0.03 0.11

0.003 0.009 Remaining

Table 2. Basic mechanical properties of 7050 aluminum alloy and interference-fit sleeve.

Sample Material Tensile strength o,  Yield strength oy Modulus of ~ Poisson’s

elasticity E ratio A
Lug-hole specimen Al 7050 510 MPa 441 MPa 70 GPa 0.32
Compression sleeve  0Cr13Ni8Mo2A1  1515MPa 1415 MPa 210 GPa 0.3

Detection direction

Figure 3. Location of residual stress index extraction.

fit sleeve cold-expansion strengthening process, an XL-640
X-ray diffractometer (XRD) was employed to measure the
residual stress on the end faces of the lug hole. The testing
conditions included a CrKo target, a (311) diffraction plane,
a spot diameter of 2 mm, a tube voltage of 20kV, and a tube
current of 5 mA. The distribution of the measurement points
is shown in Fig. 3, with a measurement spacing of 1 mm. In
the test results, positive (“+47) values denote tensile stress,
while negative (“—") values denote compressive stress. The
measurement direction was radial to the hole wall. The X-ray
diffractometer is depicted in Fig. 4.

To investigate the radial plastic deformation of the spec-
imen hole wall after interference-fit sleeve cold-expansion
strengthening, the inner diameter of the specimen before and
after expansion was measured using a ZEISS PRISMO coor-
dinate measuring machine (CMM) from Germany. The mea-
surement locations were divided into end face A and end
face B, and the average of three measurements was taken for
each location. The measurement accuracy of the equipment
was (1.2+ L/350) um, and the resolution of the scanning
probe was 0.05 um. The hole diameter measurement process
is shown in Fig. 5.
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Figure 4. X-ray diffractometer.

2.3 Finite-element model for cold-expansion
strengthening

To study the residual stress distribution and hole defor-
mation patterns of the lug-hole specimen strengthened by
the interference-fit sleeve, a finite-element model for the
interference-fit sleeve cold-expansion strengthening of the
lug-hole specimen was established based on the actual
strengthening process, as shown in Fig. 6.

During the cold-expansion strengthening process, the
mandrel slowly and uniformly expands the sleeve from the
entry end to the exit end. The entire cold-expansion strength-
ening process can be considered to be quasi-static; thus, a
general static analysis method was adopted to simulate the
process. When defining the interaction relationships between
the components, we consider the significant relative sliding
between the mandrel and the interference-fit sleeve. Accord-
ing to the HB/Z 170-2005 standard, the surface roughness

https://doi.org/10.5194/ms-17-1061-2026
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Figure 5. Aperture measurement.

Bushing

Mandrel

Top cap

Lugs

Figure 6. Finite-element model of cold-expansion strength of
interference-fit sleeve.

(Ra) of the mandrel is less than 0.4 um, and a dry-film lu-
bricant is applied to the inner wall of the sleeve; therefore,
the tangential contact behavior is defined as finite sliding
with a friction coefficient of 0.1. Because the tangential rela-
tive sliding between other contact surfaces was minimal, they
were defined with small sliding to enhance computational ef-
ficiency. The normal behavior of the contact surfaces among
all interaction pairs was defined as “hard” contact, meaning
no interpenetration was allowed. Since the hardness and stiff-
ness of the mandrel and the nose cap are sufficiently higher
than those of the sleeve and the specimen, it was assumed

https://doi.org/10.5194/ms-17-1061-2026
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that neither the nose cap nor the mandrel deformed during the
entire installation process of the interference-fit sleeve. To re-
duce computational costs, the mandrel and the nose cap were
defined as rigid bodies and meshed using shell elements.

To ensure the reliability of the simulation results, a
mesh-independence verification was conducted on the finite-
element model. Various mesh densities were evaluated using
the maximum pulling force (Fpax) exerted on the mandrel
during the cold-expansion process as the evaluation crite-
rion. A comparison of the pulling force across different el-
ement counts () revealed that the force becomes insensi-
tive to changes in element quantity at approximately 27 284
elements. Consequently, a meshing scheme comprising ap-
proximately 27 284 elements was adopted for all subsequent
computational analyses.

2.4 Characterization of residual stress on fatigue
performance

The influence of residual stress on the fatigue limit of ma-
terials can be expressed using the Goodman relationship
(Kikuchi et al., 2023), with the specific formula as follows:

oy = a‘g — mom, 2)

m =U‘g/0'b, 3)

where oy is the fatigue limit of the material when the resid-
ual stress is oy, G‘g is the fatigue limit of the material when
the residual stress is O, oy, is the mean stress, m is the mean
stress sensitivity factor, and oy, is the tensile strength.

When a residual stress o; is generated in the specimen, it
can be simplified as a component of op,. In this case, Eq. (1)
can be transformed into

UV"‘}H = avg — moy — Moy. %)
As can be observed from Eq. (3), the fatigue limit changes
with variations in residual stress. When the residual stress
is positive (tensile stress), the fatigue limit decreases; when
the residual stress is negative (compressive stress), the fa-
tigue limit increases. Therefore, the residual compressive
stress layer formed by interference-fit sleeve cold-expansion
strengthening can enhance the surface properties of the spec-
imen.

The effect of residual compressive stress on delaying fa-
tigue crack initiation can also be described using the mod-
ified Goodman (Hwang et al., 2018) formula, as shown in
Eq. (4).

o =of(l _ M) )

Op

In the above, o, is the equivalent fatigue strength, oy is the
fatigue endurance of the material under fully reversed load-
ing, oy is the mean stress caused by external loads, o is
the ultimate tensile strength of the material, and oR is the
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residual compressive stress generated by cold expansion. The
modified Goodman relationship indicates that, without con-
sidering microstructural effects, a linear relationship exists
between the stress amplitude and the mean stress. Assum-
ing that the stress amplitude and the mean stress oy, un-
der external loads remain constant and that the ultimate ten-
sile strength o}, of the material remains constant, the resid-
ual compressive stress or can be treated as a static stress
and, consequently, as another form of mean stress. Therefore,
the equivalent fatigue strength o, increases with the increase
in the residual compressive stress o, thereby extending the
crack initiation life.

3 Experimental results and analysis

3.1 Effect of secondary cold-expansion strengthening
on residual stress*

The radial residual stress distribution on the hole wall after
the secondary cold expansion of the interference-fit sleeve
is shown in Fig. 7. As can be observed from the figure, the
residual stress values exhibit similar variation trends under
different relative expansion levels, with both the peak resid-
ual compressive stress and the depth of the stress layer in-
creasing as the relative expansion level increases. At a sec-
ondary relative expansion level of 1.7 %, the maximum resid-
ual compressive stress values on both end face B and end face
A appear at a radial distance of approximately 2 mm from
the hole wall, with a maximum of —283.7 MPa for end face
B and —266.7 MPa for end face A. When the relative expan-
sion level increases to 2.5 %, the maximum residual com-
pressive stresses on both end faces shift to a radial distance
of approximately 3 mm from the hole wall, with a maximum
of —400.3 MPa for end face B and —391.6 MPa for end face
A. As the expansion level increases from 1.7 % to 2.5 % dur-
ing the secondary cold-expansion strengthening process, the
depth of the residual compressive stress layer also extends
from 9 to 14 mm.

An analysis of the cold-expansion strengthening process
reveals that, as the mandrel expands axially, the material of
the sleeve’s inner hole undergoes plastic flow in both the ax-
ial and radial directions. This causes elastoplastic deforma-
tion around the hole wall of the lug-hole specimen, which
gradually propagates radially outward as the relative expan-
sion level increases, thereby forming a residual compressive
stress layer of a certain depth radially along the hole wall.
After the cold expansion is completed and the load is re-
moved, the surface material of the lug hole inner wall un-
dergoes springback, causing the peak residual compressive
stress to appear at the subsurface of the hole wall.

A comparison of the residual stresses in the lug hole
after primary and secondary cold-expansion strengthening
is presented in Fig. 8. As shown in the figure, compared
to the primary expansion results, the overall difference
in residual compressive stress on end face B after sec-
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ondary cold-expansion strengthening is marginal; however,
the residual compressive stress on end face A is signifi-
cantly enhanced. This is because, during the secondary cold-
expansion strengthening of the interference-fit sleeve, the
surface finish of the hole wall improves, and the sleeve fits
more tightly into the lug hole. This leads to a redistribution
of the residual compressive stress, resulting in comparable
magnitudes and depths of the stress fields on end face A
and end face B after secondary cold-expansion strengthen-
ing . This indicates that there is no significant difference in
the strengthening effect at both ends of the hole after sec-
ondary expansion. It demonstrates that the secondary cold-
expansion strengthening process significantly improves the
fatigue strength of end face A, thereby effectively extending
the overall fatigue life of the lug hole.

After the reverse secondary cold-expansion strengthening,
the magnitude and depth of the residual stress field at end
face B are comparable to those achieved after the primary
cold expansion. From a materials science perspective, this is
attributed to the absence of further plastic deformation in the
deeper radial layers of the hole wall. Conversely, the residual
compressive stress at end face A is significantly enhanced
following the reverse secondary cold expansion. This occurs
because end face A, which served as the entry end during the
primary expansion, acts as the exit end during the secondary
process. As the mandrel moves from end face B towards end
face A, it forces the lug hole material to undergo renewed
plastic flow in the reverse direction, both axially and radi-
ally. Under the dual constraint of the surrounding lug ma-
terial and the nose cap at the front of the puller gun, a re-
verse reactive force is exerted on the plastically deformed
surface material. This induces the formation of high-density,
uniformly distributed dislocations on the hole wall surface
in the end face A region, leading to atomic structural dis-
tortion. Macroscopically, this effect manifests as the gener-
ation of a high-amplitude, deep residual compressive stress
layer near the surface of the hole wall. Studies have shown
that high-amplitude residual compressive stress is the pri-
mary factor contributing to the enhancement of the fatigue
limit and the reduction in fatigue notch sensitivity in speci-
mens (Sapora et al., 2020; Chapetti, 2024). During service,
the residual compressive stress generated by cold-expansion
strengthening effectively offsets a significant portion of the
externally applied loads, decreasing the mean stress acting
on and around the hole edge to a certain extent. This effec-
tively mitigates stress concentration around the hole; delays
the risk of damage such as fatigue cracks caused by exter-
nal loads; and, consequently, significantly improves the in-
service performance of the specimen’s hole structure.

3.2 Analysis of plastic deformation in lug hole after
cold-expansion strengthening

The changes in the inner diameter of the sleeve after sec-
ondary cold expansion are shown in Fig. 9. As depicted, the
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Figure 8. Comparison of residual stresses in the lug hole after primary and secondary cold expansion. (a) End face B of the lug hole. (b)

End face A of the lug hole.

inner diameter of the sleeve increases slightly after secondary
expansion compared to the primary expansion, and this in-
crease becomes more pronounced with larger relative expan-
sion levels. This indicates that the sleeve undergoes radial
plastic deformation under the extrusion force; the greater the
extrusion force, the more obvious the plastic deformation. At
a relative expansion level of 1.7 %, the increments in the in-
ner diameters of the sleeve at end face A and end face B are
0.40 and 0.41 mm, respectively. When the relative expansion
level increases to 2.5 %, the increments at both end face A
and end face B reach 0.87 mm.

Observing the deformation data, it is found that, com-
pared to the primary cold-expansion strengthening experi-
ment, the inner-diameter expansion of the sleeve is more pro-
nounced after secondary cold expansion. However, the differ-
ence in deformation between end face A and end face B of
the sleeve is narrowed further. This suggests that secondary
cold-expansion strengthening effectively mitigates the un-
even plastic deformation at both ends of the sleeve, ensuring
a more uniform stress distribution along the thickness direc-
tion of the lug-hole specimen during the expansion process.
Similarly to primary cold-expansion strengthening, the in-
ner diameters of the sleeves strengthened under all four rela-
tive expansion levels are smaller than the 44.62 mm diameter
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of the mandrel’s working section. This indicates that, upon
completion of the secondary expansion and removal of the
load pressure, the sleeve experiences elastic spring back in
the radial direction.

The variations in the inner diameter of the lug hole follow-
ing the secondary cold expansion (SCE) of the interference-
fit sleeve are illustrated in Fig. 10. As shown, under the
secondary expansion action exerted by the mandrel and the
sleeve, the hole diameters at both end face A and end face B
of the specimen increase to varying degrees, with the magni-
tude of expansion becoming more pronounced as the relative
expansion level increases. At a relative expansion level of
1.7 %, the inner diameters of the lug hole at end face A and
end face B reach 50.29 and 50.27 mm, respectively, repre-
senting increments of 0.29 and 0.27 mm compared to the pre-
expansion state. When the relative expansion level increases
to 2.5 %, the inner diameters at end face A and end face B
increase to 50.56 and 50.54 mm, corresponding to expansion
increments of 0.56 and 0.54 mm, respectively.

Compared to primary cold expansion, the magnitude of
hole diameter deformation increases slightly after secondary
cold expansion. The main enhancement occurs at end face B.
This is because the plastically flowing material at end face
B is re-extruded during the secondary expansion process, re-
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sulting in more pronounced hole diameter variations at end
face B. This ultimately ensures that the increments in hole
diameter at end face B and end face A become comparable
after secondary strengthening.

Studies have shown that a plastic deformation layer of
a certain depth forms on the hole wall surface. During the
cold-expansion strengthening process, the surface metal of
the hole wall undergoes severe plastic deformation, and the
closer it is to the surface, the more severe the deforma-
tion becomes (Ahadi et al., 2017). This deformation pro-
cess generates a large number of dislocations within the
grains; due to their interactions, these dislocations entangle
to form high-density dislocation cellular structures. Follow-
ing the interference-fit sleeve cold-expansion strengthening,
the microstructure on the surface of the lug hole undergoes
deformation due to the extrusion of the mandrel, leading
to the formation of a grain-refined layer at the hole edge.
This grain refinement generates a higher density of grain
boundaries, which more effectively impede dislocation mo-
tion. Consequently, as a greater number of grains with di-
verse crystallographic orientations must coordinate during
deformation, the material’s resistance to plastic deformation
increases, thereby manifesting a superior strengthening ef-
fect. Ultimately, this grain refinement and grain boundary
sliding elevate the yield strength and hardness of the material,
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Figure 11. Deformation tendency of the lug.

increase the resistance at the crack tip, effectively retard fa-
tigue crack initiation and propagation, and comprehensively
enhance the surface properties of the lug hole.

3.3 Analysis of plastic deformation on lug hole end
faces after cold-expansion strengthening

By magnifying the deformation tendency of the lug with a
cold-expansion strengthening level of 2.5 %, it can be ob-
served that uneven deformation occurs on both the lug end
faces and the hole wall. The deformation tendency of the lug
is shown in Fig. 11.
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The flatness of the upper and lower end faces of the lug
decreases, slight protrusions appear at both ends of the hole
wall, the cylindricity of the lug hole is reduced, and the lug
exhibits slight overall warping. Based on the analysis of ac-
tual working conditions, these deformation tendencies are
caused by the asymmetrical forces acting on the entry end
and the exit end of the lug during cold-expansion strength-
ening. For clarity, a scalar “deformation difference (AR)” is
introduced to evaluate the cylindricity of the lug hole. It rep-
resents the distance from each point along path 4 (starting
from the entry end) to the hole axis minus the distance from
the exit end point to the hole axis. Extracting AR under dif-
ferent expansion levels, the deformation tendency of the hole
wall is plotted in Fig. 12.

The distribution pattern of AR proves that the lug hole
transforms from a cylindrical shape into an approximate trun-
cated cone shape after the installation of the interference-fit
sleeve. The diameter at the exit end is slightly larger than that
at the entry end. Moreover, as the expansion level increases,
the inclination of the lug hole wall also increases. When the
hole wall is under compression, an excessive inclination can
lead to a risk of stress concentration at the entry end of the
hole wall. After cold-expansion strengthening, the base hole
of the lug deforms due to the extrusion from the interference-
fit sleeve, resulting in changes in verticality and cylindricity.
However, a subsequent reaming process can ensure that indi-
cators such as roughness, verticality, and cylindricity of the
inner wall of the sleeve meet operational requirements.

3.4 Optimization of cold-expansion strengthening

After the reverse secondary cold expansion (SCE) of the lug
hole, the residual compressive stress at end face A (the entry
end of the primary expansion) was significantly enhanced,
indicating a correlation with the effectiveness of the expan-
sion process.

A force analysis was conducted on the installation process
of the interference-fit sleeve. Micro-elements 1, 2, and 3 on
the cross-section were selected as the objects of analysis; the
force analysis of the thick-walled cylinder along the axial di-
rection is shown in Fig. 13.
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Figure 13. Force analysis along the axial direction of a thick-walled
cylinder.

Since the upper end of micro-element 1 is a free end, it is
subjected only to the shear stress provided by the unexpanded
material at its lower end during expansion. Micro-element 2
is subjected to shear stresses at both its upper and lower ends.
Micro-element 3 experiences shear stress from the overly-
ing material, as well as friction-induced shear stress from the
nose cap. According to equilibrium conditions, it is found
that 0,1 <02 and 0,1 < 0,3. During the cold-expansion
strengthening process, the entry end of the lug hole is sub-
jected to less force, resulting in smaller strains. This leads
to lower residual stresses after expansion and causes the lug
hole to adopt a truncated cone shape. During the expansion
process, as the sleeve material flows towards and accumu-
lates at the exit end, this tendency is exacerbated, leading to
warping of the lug.

To restrain the warping of the lug, providing radial fric-
tional resistance on the entry end face can effectively enhance
the residual compressive stress at that end. However, due to
practical operational constraints, it is often difficult to apply
external loads to the entry end face of the lug hole specimen.
Consequently, extending the sleeve length is proposed to ad-
dress the issues of low residual stress and susceptibility to
warping at the entry end.

To verify the effectiveness of the improved design method,
a finite-element model was established for the lug hole spec-
imen. The thickness of the specimen was 58 mm, and the
interference-fit sleeve lengths were set to 58, 59, and 60 mm
to ensure that end face A (entry end) could be completely
covered by the sleeve during the cold-expansion strengthen-
ing process.

As shown in Figs. 14, 15, and 16, the analysis reveals that,
with an increased sleeve length, the working section of the
mandrel expands the sleeve before entering the lug hole spec-
imen. Due to the lack of reverse constraint from the speci-
men, the expansion of the protruding portion of the sleeve
becomes more pronounced. In addition to generating a radial
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Figure 15. The length of the bushing is 59 mm.

load at the edge of the lug hole, the expansion of the pro-
truding sleeve section also imparts an axial load on the hole
edge. This enhances the stress at the entry end while simul-
taneously reducing the deformation of the lug end face.

Comparing the stress conditions at the entry end for the
sleeve lengths of 58, 59, and 60 mm, it is evident that the
compressive stress effect becomes more significant as the
protrusion of the sleeve increases. This demonstrates that ex-
tending the sleeve length is an effective method for improv-
ing the residual compressive stress at the entry end.

4 Conclusions

In this paper, based on the primary cold-expansion strength-
ening of interference-fit sleeves, secondary cold-expansion
strengthening experiments were conducted on 7050 alu-
minum alloy lug-hole specimens. The effects of varying rel-
ative expansion levels on the residual stress distribution and
plastic deformation of the lug hole were investigated, along
with the performance gains brought by different expansion
modes and sleeve parameters. The main conclusions are as
follows:

1. After both primary and secondary cold-expansion
strengthening of the interference-fit sleeve, significant
residual compressive stresses were generated in the

Mech. Sci., 17, 1061-1072, 2026

S, S11

(Avg: 75%)
+1.241e4+02
+1.024e+02
+8.070e+01
+5.898e+01
+3.725e+01
+1.553e+01
-6.193e+00
-2.792e+01
-4.964e+01
-7.136e+01
-9.309e+01
-1.148e+02
-1.365e+02

Figure 16. The length of the bushing is 60 mm.

vicinity of the 7050 aluminum alloy lug hole wall,
forming a residual compressive stress layer of a cer-
tain depth in the radial direction. As the relative ex-
pansion level increases, both the peak residual compres-
sive stress and the range of the stress field gradually ex-
pand. At a relative expansion level of 2.5 %, the peak
residual compressive stresses after primary and sec-
ondary cold-expansion strengthening reached —384.2
and —400.3 MPa, respectively, with a residual compres-
sive stress layer depth of approximately 14 mm.

. After primary cold-expansion strengthening, the resid-

ual compressive stress on end face B was noticeably
higher than that on end face A. However, after the sec-
ondary cold-expansion strengthening of the sleeve, the
residual stress at both end faces of the lug-hole speci-
men became more uniform, and the residual stress on
end face A was significantly improved. Simulation re-
sults also confirmed a more uniform distribution of
residual stress along the thickness direction of the spec-
imen after secondary cold-expansion strengthening .

. Both the sleeve and the lug-hole specimen underwent

plastic deformation after secondary cold-expansion
strengthening, and the degree of plastic deformation in-
creased with higher relative expansion levels. At a rela-
tive expansion level of 2.5 %, the inner diameters at end
face A and end face B of the primary cold-expanded
specimen increased by 0.54 and 0.47 mm, respectively.
After secondary cold-expansion strengthening, the inner
diameters at both ends increased by 0.56 and 0.54 mm,
indicating that the plastic deformation at both ends of
the specimen was relatively consistent after secondary
cold-expansion strengthening.

. Optimizing the length of the interference-fit sleeve can

effectively enhance the residual compressive stress at
the entry end of the lug hole.
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