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Abstract

Autofrettage is a manufacturing process that induces plastic
deformation by applying high internal pressure to thick-walled
cylinders, enhancing their fatigue life and pressure-carrying capacity.
Among the various autofrettage methods employed in industrial
applications, swage and hydraulic autofrettage are particularly
prominent in the production of heavy weapon barrels. This study focuses
on the numerical calculation of residual stresses developed by the of the
swage autofrettage process for a heavy weapon barrel. The analysis is
performed using Finite Element Analysis (FEA) software, with a two-
dimensional (2D) axisymmetric model applied to simulate the process.
For a non-autofrettaged barrel under working pressure, the Von Mises
equivalent stress is determined to be 1350.3 MPa. In contrast, for an
autofrettaged barrel, the Von Mises stress is calculated as 1122.3 MPa
at 63% of the barrel thickness. Given that the yield strength of the barrel
material is 1195 MPa, the calculated stress remains below this
threshold, indicating the structural integrity of the barrel. This
corresponds to a 16.88% reduction in Von Mises equivalent stress
because of the autofrettage process. The pushing force required during
swage autofrettage is assessed through both numerical and
experimental methods. The FEA model estimates the pushing force at
135.58T, while empirical measurements yield 142T. The 4.52%
discrepancy between these results falls within acceptable limits,
affirming the model’s reliability. Overall, the findings demonstrate that
the FEA-based numerical approach effectively replicates real-world
conditions, providing a robust and accurate assessment of stress
distribution and pushing force in heavy weapon barrels subjected to
swage autofrettage.

Keywords: Swage Autofrettage, Residual Stress, Finite Element
Analysis (FEA), Friction

(0)4

Otofretaj, kalin cidarli silindirlere yliksek i¢ basing uygulanarak plastik
deformasyon olusturan, yorulma émriinti ve basing tasima kapasitesini
artiran bir tretim yéntemidir. Saha uygulamalarda bircok teknik
olmasina ragmen, mekanik ve hidrolik otofretaj islemi agir silah
namlularimin tiretiminde ozellikle éne ¢ikmaktadir. Bu calisma, agir
silah namlusunda mekanik otofretaj islemi sonucu olusan artik
gerilmelerin sayisal olarak hesaplanmasina odaklanmaktadir. Analiz,
Iki Boyutlu (2D) eksenel simetrik bir model kullanilarak Sonlu
Elemanlar Analizi (SEA) yazilimi ile gercgeklestirilmistir. Otofretaj
uygulanmamis bir namluda ¢alisma basinct altinda Von Mises esdeger
gerilmesi 1350,3 MPa olarak hesaplanmistir. Otofretaj uygulanmis
namluda ise, namlu kalinliginin %63’iinde Von Mises gerilmesi 1122,3
MPa olarak belirlenmistir. Namlu malzemesinin akma dayanimi 1195
MPa oldugundan, hesaplanan gerilme bu sinirin altinda kalmakta ve
namlunun yapisal biitiinliigti korunmaktadir. Bu durum, otofretaj
islemi sonucunda Von Mises esdeger gerilmesinde %16,88lik bir
azalmaya karsilik gelmektedir. Mekanik otofretaj islemi sirasinda
gerekli mil kuvveti hem sayisal hem de deneysel ydéntemlerle
hesaplanmistir. Mil kuvveti SEA yazilimi ile 13558 ton olarak
hesaplanirken, deneysel dlctimler yaklasik 142 ton degerini
vermektedir. Bu sonuclar arasindaki %4,52’lik fark, kabul edilebilir
siirlar iginde olup modelin giivenilirligini dogrulamaktadir. Sonug
olarak, ¢alisma, SEA tabanli sayisal yaklasimin gercek diinya
kosullarini etkili bir sekilde yansittigini ve mekanik otofretaj islemi
uygulanan agir silah namlusundaki gerilme dagilimlart ile mil
kuvvetinin dogru bir sekilde hesaplandigini gostermektedir.

Anahtar Kkelimeler: Mekanik Otofretaj, Kalinti Gerilme, Sonlu
Elemanlar Analizi (SEA), Siirtiinme

1 Introduction

The autofrettage process has been applied to high pressure
heavy weapon barrels which are subjected to cyclic and
variable loads. During each firing, the barrel undergoes high
levels of loading and thermal stress, and fatigue can occur due
to the dynamic and variable stress cycles [1]-[4].

Autofrettage is a process that creates plastic deformation by
applying high pressure to the inner surface of thick-walled
cylinders. This process generates beneficial compressive
residual stresses on the inner surface, which partially
counteract the tensile stresses that occur during service
pressure. This balancing effect reduces stress concentration at
crack tips. Meanwhile, the autofrettage process reduces the

*Corresponding author/Yazisilan Yazar

Stress Intensity Factor (K) by alleviating stress at crack tips.
This enhances the material's resistance to crack growth,
extends its fatigue life, and makes the structure more durable
by increasing the pressure carrying capacity.

Depending on the type of autofrettage load applied,
autofrettage methods can be divided into the following types:
swage autofrettage, hydraulic autofrettage, thermal
autofrettage, explosive autofrettage and rotational
autofrettage.

Practical applications of autofrettage are listed below and
shown in Figure 1.

1) Heavy weapon barrels [5-8],

2) Automotive common-rail direct injection systems [9],



3) Cylinders, check valves and cutting valves of waterjet
cutting units [10],[11],

4) Storage tanks used in the petrochemical industry [12],[13],

5) Boilers, process reactors and vessels in nuclear power
plants [14],[15],

6) High pressure processing in food technology [16].

) Waterjet Cutting Unit d) Storage Tank

Figure 1. Practical applications of the autofrettage process.

In the autofrettage process, the inner diameter of the thick-
walled pressure vessel is exposed to an internal pressure above
the working pressure [17]. With the application of pressure, an
elastic-plastic transition zone is formed in the cylinder wall
(Figure 2). When the autofrettage pressure is removed, the
inner diameter of the cylinder undergoes plastic deformation
up to the radius of elastic-plastic junction (b). The elastic
recovery in the outer diameter of the cylinder compresses the
cylinder wall inwards. A beneficial residual compressive stress
at the inner wall of the cylinder forms while a residual tensile
stress at the outer radius occurs. This residual compressive
stress counteracts the secondary tensile stress when working
pressure is applied. Thus, the autofrettage process enhances
the crack resistance and extends the fatigue life of the weapon
barrel.
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Radius of
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Figure 2. Radius of elastic-plastic junction.

In the defense industry, autofrettage plays a critical role in the
production of heavy weapon barrels, significantly enhancing
their durability and performance. During repeated firings, the
internal surface temperature of barrels can rise to
approximately 1100°C due to the combustion of gunpowder,
while the maximum internal gas pressure can reach up to 4000
bar [18],[19]. As a result, the autofrettage process is essential
for ensuring the structural integrity and longevity of barrels
subjected to extreme thermal and pressure conditions.

In practical applications, aside from experimental studies,
swage or hydraulic autofrettage is commonly applied to heavy
weapon barrels. Typically, hydraulic autofrettage is preferred
for barrels with larger diameters, whereas swage autofrettage
is more frequently utilized for barrels with smaller diameters.
In this study, the stresses that form in the swage autofrettage

process are calculated numerically by using the finite element
analysis (FEA).

In the swage autofrettage process, a profiled, oversized (extra-
large) mandrel plastically deforms the near-bore surface of the
gun barrel as it moves axially inside the barrel.

In order to achieve the motion of the mandrel, a force that can
overcome the friction force between the barrel and the mandrel
is required. Special lubricants are used to reduce the coefficient
of friction and the resistance force generated while the mandrel
moves through the barrel. In addition, porous phosphate
coating (zinc/manganese) on the inner diameter of the barrel
and application of stearate-based high pressure lubricants [20]
on this coating is the most preferred method in practice.

The swage autofrettage process is distinguished by its
simplicity and rapid execution during both the preparation and
application stages. But the worst drawback is that the
manufacturing tolerances are tight before the process. In
addition, it is not possible to apply this process on barrels with
variable inner diameter.

Numerous studies in literature have investigated the swage
autofrettage process, with key contributions summarized
below:

Gibson et al. [6] employed ANSYS FEA software to analyze the
plastic deformation mechanisms and calculate residual stress
during the swage autofrettage process. The study examined
critical parameters such as mandrel slope angle, parallel
section length, and friction coefficient. The findings revealed
that axial stresses significantly influence residual hoop stresses
and contribute to secondary plastic yielding.

Hu and Penumarthy [7] conducted numerical investigations on
the swage autofrettage process in thick-walled cylinders using
ANSYS FEA. Their analysis incorporated a kinematic hardening
material model that accounted for the Bauschinger effect.
Numerical results for residual stress at the end of the process
were compared with experimental data from the literature.
Discrepancies between the two were attributed to specimen
preparation errors prior to residual stress measurements. The
study further explored the effects of the Bauschinger effect and
friction coefficient on stress-strain distributions. Optimal
mandrel geometry and Von Mises equivalent stress under
working pressure were also determined.

Alinezhad & Bihamta [21] investigated how the modifications
on the mandrel geometry affect the residual stresses formed at
the end of the swage autofrettage process experimentally and
numerically. Experimental results were found to support the
numerical results.

Chica et al. [22] focused on parametric analyses related to cold
forming, modifying mandrel geometric properties—such as
forward and rear slope angles, parallel section length, and
percent interference—and examining their effects on residual
stresses using ANSYS FEA. The results were compared with
numerical studies on swage autofrettage in heavy gun barrels.
Additionally, the influence of the outer-to-inner diameter ratio
on residual stresses in smaller bore diameters was evaluated.

Hu et al. [23] developed a novel finite element method (FEM)
user-programmable function (UPF) incorporating the
Bauschinger effect to analyze swage autofrettage in thick-
walled cylinders composed of A723 steel. The FEM UPF
methodology was validated by replicating uniaxial tension-
compression tests on A723 steel. A comparative analysis of this
material model with existing models in the literature was



performed. The study highlighted that swage autofrettage
produced deeper and more compressive hoop residual stresses
on the cylinder's inner surface compared to hydraulic
autofrettage. Furthermore, axial stresses were tensile at the
end of swage autofrettage but compressive after hydraulic
autofrettage. The investigation also demonstrated that chip
removal near the inner surface significantly improved stress
distributions following swage autofrettage.

The present study numerically calculates stress distributions
and pushing forces in a heavy weapon barrel subjected to the
swage autofrettage process. The FEA model is developed using
ANSYS software, employing a bilinear kinematic hardening
material model, plane strain conditions, and the Von Mises yield
criterion.

The analysis matrix includes five primary parameters:
e  Percentinterference
e  Barrel material yield strength
e  Friction coefficient
e  Mandrel parallel section length
e  Mandrel slope angle scaling factor

For each parameter, ranges reflective of real-world
applications are determined, and their effects on autofrettage
are evaluated and compared.

2 Swage autofrettage

Swage autofrettage is performed by forcing a specially
manufactured oversized (extra-large) mandrel through the
inner diameter of the barrel (Figure 3). The first studies on
swage autofrettage are conducted by Davidson et al. [24].
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Figure 3. Schematic representation of barrel, mandrel, and
ram.

Special machines and equipment are used for swage
autofrettage process. It is a critical process to ensure that the
oversized mandrel is pushed through the barrel. The mandrel
is passed through the barrel using a number of rams according
to the barrel length. The hydraulic unit in the machine is used
to drive the rams and therefore the mandrel.

Swage autofrettage is mainly more complex in nature from
hydraulic. Because, in the swage autofrettage process,
remarkably high shear stresses are generated owing to the
sliding friction between the mandrel and the barrel during
loading stage. In addition, elevated levels of radial and
hydrostatic loading in the vicinity of surface distinguish the
swage autofrettage process from the hydraulic one [8],[22].

Swage autofrettage mandrels typically involves a parallel
section of constant diameter joined by two tapering sections at
different slopes (Figure 4). The forward slope of the mandrel is
smaller than the rear slope.

The forward and rear tapering sections on the mandrel not only
ensure the centering of the mandrel in the barrel, but also
plastic deformation and the formation of permanent residual
stress.

Barrel

Mandrel
Motion

Friction
Force

Figure 4. Mandrel diagram [25].

In this study, ANSYS FEA software is used to evaluate stress
distributions in the swage autofrettage process. Specification
about the barrel and mandrel geometry, material properties
and the mesh structure in FEA model are explained in the
following subsections.

3 Swage autofrettage numerical calculation:
FEA model

There are numerous studies for modelling of the swage
autofrettage process in literature. Among these studies, [5],
[6],[7],[8],[20],[22],[26] stand out especially. In the literature,
it is seen that two-dimensional (2D) axisymmetric models [5],
[6],[7],[8],[20],[22],[26] and three-dimensional (3D) quarter-
section models [7],[8],[23],[27],[28] are used for swage
autofrettage numerical calculations (Figure 5).
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Figure 5. 2D & 3D boundary conditions applied in FEA model.

In this study, a two-dimensional (2D) axisymmetric model is
employed for modelling of the swage autofrettage. Given that
the process occurs in cylindrical coordinates, the geometric and
boundary conditions allow for accurate representation through
axisymmetric modeling. This 2D approach not only ensures
precise replication of the physical process but also facilitates
the use of a finer mesh structure, significantly reducing
computational time and enhancing the efficiency of the
analysis.

The basic dimensions of the barrel and mandrel in FEA model
are shown schematically in Figure 6 [7]. Here, the barrel length
(L) is taken as the first 400 mm distance, which is the most
critical region where the barrel is exposed to the highest
thermal and pressure firing loads. Other dimensions used in the
FEA model are given in Figure 6.
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Figure 6. Geometric dimensions of barrel and mandrel.

The FEA model and its boundary conditions have been created
in the ANSYS FEA software are shown in Figure 7. The
movement of the A surface of the mandrel in the x direction is
constrained; for the movement in the y direction, a
displacement of 540 mm is defined for the mandrel to pass
through the barrel. The movement of surface B of the barrel in
the x direction is allowed and the movement in the y direction
is constrained. After the axial movement of the mandrel in the
barrel is completed, the 670 MPa working pressure is defined
as a boundary condition on the C surface. Working pressure is
defined as a 670 MPa, which is the average chamber pressure
of heavy weapon barrel [29],[30].

s

Figure 7. FEA model and boundary conditions.

In the finite element analysis (FEA) software, a bilinear
kinematic hardening model (Figure 8) is defined to represent
the material behavior. This material model is a base model and
includes the Bauschinger effect.
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Figure 8. Bilinear kinematic hardening model [31].

The material properties of both the barrel and mandrel are
presented in Table 1. The barrel is modeled using AISI 4340
steel, which has a yield strength (oy) of 1195 MPa and an
ultimate tensile strength (ou) of 1332 MPa at a plastic strain of
0.0368. The tangent modulus (T) is calculated as:

(1332 -1195)x10°
- 0.0368

= 3723 MPa (€]

The mandrel is modeled using tungsten carbide (WC), known
for its superior strength and toughness compared to the barrel
material [25]

Table 1. Material properties in FEA model.

Barrel Mandrel

Parameter Value Parameter Value
E (GPa) 200 E (GPa) 500
9 0.3 9 0.24
Oy, tensile Oy, tensile -
(MPa) 1195 (MPa)

Oy, compressive Oy, compressive

(MPa) 1058 (MPa)

ou(MPa) 1332 ou(MPa)

T (MPa) 3723 T (MPa) -

The literature indicates that the number of elements in the
parallel section of the mandrel significantly influences the
accuracy of stress distributions [5],[6]. To ensure that the
analysis results are independent of element size, a mesh
sensitivity study is conducted. The mesh structure for the
mandrel’s parallel section is formed using element sizes of 2, 4,
6, and 8 mm, corresponding to 5574, 3242, 2850, and 2689
elements, respectively It is determined that the maximum Von
Mises equivalent stress under the 670 MPa working pressure
has not change significantly depending on the mandrel mesh
element size as shown in Figure 9.

n2s6 116

11232 B
1228 2.
un4 54
122 I ' I
1216 1216
2 mm 4mm 6mm 8 mm

5574 3242 2850 2689
Number of elements

2

Max. Von Mises (MPa)
Von Mises (MPa)

Max
B

Mandrel mesh size
|

Figure 9. Von Mises equivalent stress versus different element
size.

For the mandrel and barrel, mesh structure is formed by using
element size of 2 and 4 mm respectively and the resulting mesh
structure is shown in Figure 10. The number of nodes/elements
for the barrel and mandrel is 17244 /5574 in total.

L.,

Figure 10. Mesh structure.

The primary objective of this study is to conduct a parametric
evaluation of stress distributions in a heavy weapon barrel
subjected to the swage autofrettage process using numerical
methods. In the investigation, five main parameters (percent
interference, yield strength of barrel material, friction
coefficient, mandrel parallel section length and mandrel slope
angle scaling factor) are considered. The investigation matrix
and results are submitted in the following headline.
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Table 2. Investigation parameters and their values.

Parameters

Values

Percent interference
(P)
Yield strength of
barrel material (MPa)

0.5 1.00 1.5

1000 1100 1195

Friction(cii))efficient 0.005 0.010 '

Mandrel parallel
section length (lps)

Mandrel slope angle 0.50 0.67 1.0
scaling factor (SF)

0.25 0.50 0.75

2.00 29 3.5

0.045 0.060 0.120 0.180

1.0 1.50 3.00 4.50

1.50 2.00 250

4 Results and discussion

In this study, the stresses developing at the barrel with and
without autofrettage are calculated numerically. In the swage
autofrettage, there are five main parameters affecting the
process. As shown in Table 2, the investigation matrix includes
five main parameters as listed below:

1) percentinterference,

2) yield strength of barrel material,

3) friction coefficient,

4) mandrel parallel section length and
5) mandrel slope angle scaling factor.

The considered wide range and values of each parameter as
listed below are determined by considering the practical
applications in the field as listed in Table 2.

1) The percent interference is selected as 0.5, 1.0, 1.5, 2.0,
294 and 3.5. The percent interference has been
determined by fixing the diameter of the parallel section
and varying the inner diameter of the barrel.

2) The material yield strengths are selected as 1000 MPa,
1100 MPa and 1195 MPa, determined based on the lower
and upper limit depending on the heat treatment process.

3) The friction coefficient is determined by selecting 9
different values: 0.005, 0.010, 0.015, 0.030, 0.045, 0.060,
0.120 and 0.180. These values are the friction coefficients
that may occur in case different lubricants are used.

4) Mandrel parallel section length is chosen as 0.25, 0.50,
0.75, 1.5, 3.00 and 4.50 times of the 6.35 mm reference
length.

5) The mandrel slope angle scaling factor is selected as 1/2,
2/3, 1.5, 2.0 and 2.5 by scaling reference values (1.5°
forward slope angle and 3.0°rear slope angle).

A baseline case is determined in the analyses. The parameters
for baseline case are notated as PI: percent interference, oy:
yield strength of barrel material, p: friction coefficient, lps:
mandrel parallel section length and SF: mandrel slope angle
scaling factor. In Table 2, baseline case values are underlined.

4.1  Analysis matrix

Based on the five main investigation parameters and their
values, an analysis matrix in Table 3 is formed in order to

systematically represent and evaluate the results in a
comparative manner. The analysis matrix includes 30 cases.

A baseline case (Analysis 1) is determined by using reference
interference percentage of 2.94, yield strength of barrel
material of 1195 MPa, friction coefficient of 0.015, mandrel
parallel section length of 6.35 mm and mandrel forward and
rear slope angle 1.5° and 3.0°, respectively.

In order to cover the effects of each parameter, analyses are
done for all parameter values based on the baseline case. The
baseline parameters are selected as the main parameters which
are common in the swage autofrettage. Thus, an experimental
design methodology was employed in a way that effects of a
single parameter are observed at a time based on the baseline
case. The full analyses matrix is given in Table 3 by grouping
each parameter in the first column. For instance, analyses 1-6
covers the effects of the percent interference.

Autofrettage process requires a certain amount of pressure to
be applied to the inner surface of barrel. To calculate the
autofrettage pressure (hydrostatic contact pressure, P)
between the barrel and mandrel during the swage autofrettage
process, certain assumptions and simplifications are required.
The autofrettage pressure generated as the mandrel moves
axially through the barrel is assumed to exhibit hydrostatic
behavior. Thus, equations used in calculating autofrettage
pressure for hydraulic autofrettage can be employed. The
autofrettage pressure (P) is calculated with the following
equation [32].

P= % [ZAlng + (o, — A)b? (% - %) — o, b? (C—lz - %)] €Y)

where A is a constant and depends on oy, &y and T.

The radius of elastic-plastic junction (b) is calculated by using
following equation [33].

V3p,
b=axe<2”y) @)
where a is the barrel inner radius, Pw is the working pressure,
and oy is the yield strength of the barrel material.

Using these radius values, the corresponding autofrettage
pressure is calculated and listed in Table 3.

In this study, the influence of the parameters defined in the
investigation matrix on stress distribution is analyzed. The



selection of these parameters is guided by existing literature to
assess their impact on stress distribution. The results indicate
that the friction coefficient has minimal effect on stress
distribution. However, friction force plays a crucial role in
determining the pushing force, which is essential for the
smooth and safe execution of the swage autofrettage process,
ensuring proper mandrel movement within the barrel.

A comparison of the friction coefficients in the investigation
matrix reveals that the pushing force varies significantly
depending on the boundary conditions. When the lowest
friction coefficient (0.005p) is applied, the pushing force is
approximately 9.59 tonnes. In contrast, under the highest
friction coefficient (u), the pushing force reaches 836.17
tonnes. This substantial variation highlights the critical
influence of friction coefficient on the swage autofrettage
process.

4.2 Comparison of numerical solution for baseline case

First, numeric calculation results are given and compared for
the baseline case before evaluating the results for the whole
analysis matrix.

The resulting stresses that occur during autofrettage are
illustrated in Figure 11, which represents the mid-length
position of the tube. In this position, the center of the parallel
surface of the mandrel aligns with the tube.

The investigation is first done for the non-autofrettaged barrel
under 670 MPa working pressure. Figure 11 illustrates stress
distributions in the radial direction for the non-autofrettaged
barrel under working pressure for the baseline case. The radial
direction is normalized with respect to the inner and outer
radius of the barrel in terms of barrel thickness percentage as
r*=(r-a)/(b-a)*100. The figure has hoop, radial, axial, and Von
Mises stresses obtained from and numerical calculation. The
hoop stress reaches its peak value of 884.87 MPa at inner
radius; but it asymptotically drops throughout the outer radius
to the value of 211.95 MPa. The radial stress varies from -670
MPa (which is the working pressure) to 0 MPa from the inner
to the outer radius. Axial stress is exceedingly small, less than
1MPa.,, due to the nature of stresses developing in thick-walled
cylinders. The resulting Von Mises stress is 1350.3 MPa which
exceeds the 1195 MPa yield strength. Therefore, it could reduce
fatigue resistance, and it may initiate the crack propagation.
Therefore, the autofrettage process becomes a need for barrels.

The Von Mises stress under working pressure for the non-
autofrettaged barrel is calculated as 1350.3 MPa, exceeding
both the yield (1195 MPa) and ultimate tensile strength (1332
MPa) of the barrel material. This raises the question of whether
the initial firing pressure could induce an autofrettage-like
effect, known as explosive autofrettage. In this process, residual
stresses are introduced along the wall thickness of a thick-
walled cylinder through high-rate fragmentation explosives.
However, since the equivalent stress under working pressure
in the non-autofrettaged barrel surpasses the ultimate tensile
strength of the material (1332 MPa), no partial plastic zone
forms throughout the wall thickness. As a result, the effect of
explosive autofrettage is not observed.

Table 3. Analysis matrix.
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Figure 11. Stress distributions for non-autofrettaged barrel
under working pressure for baseline case.

Hoop, radial, axial and Von Mises equivalent stress contours are
plotted after the swage autofrettage process along the barrel
thickness in Figures 12-15. The stress distributions are plotted
as shown in Figure 16 as well.

Hoop stress: A high level of compressive (-) hoop stress occurs
at the point of contact between the mandrel and the inner



surface, as shown in Figures 12 and 16. This is due to the
combination of forces causing the inner radius of the barrel to
expand during the mandrel's movement through the barrel,
while the outer radius resists plastic deformation. Conversely,
a low tensile hoop stress occurs towards the outer radius. It is
observed that the compressive hoop stress reaches -1429.8
MPa at 15% of the barrel thickness. Additionally, tensile hoop
stress occurs at 65% of the barrel thickness, with a value of
721.23 MPa.

Radial stress: A compressive radial stress occurs in the contact
zone due to moving of the mandrel through the barrel and the
expansion of the inner radius as shown in Figures 13 and 16.
While radial stress is 0 MPa on both inner and outer radius of
barrel, it takes the maximum value of -377.08 MPa at 31%
barrel thickness.

Axial stress: Axial stress plays a crucial role in the swage
autofrettage process, which is axisymmetric and dynamic, as
shown in Figures 14 and 16. During the movement of the
mandrel along the barrel, compressing the inner radius,
significant compressive (-) axial stress develops near the inner
radius due to friction. Conversely, tensile (+) axial stress occurs
at the outer radius. At the inner radius, compressive axial stress
reaches 733.36 MPa. The axial stress peaks at -889.36 MPa at
2% of the barrel thickness and subsequently decreases through
the barrel wall. At 50% of the barrel thickness, the axial stress
transitions to the tensile (+) direction, reaching 205.01 MPa at
the outer radius.

Von Mises equivalent stress: The Von Mises equivalent stress
propagates from the inner radius through the wall thickness by
the end of the swage autofrettage process, as illustrated in
Figures 15 and 16. This is primarily due to the shift in stress
orientation from compressive to tensile. The Von Mises
equivalent stress remains constant at approximately 1092 MPa
at 15% of the barrel thickness near the inner radius. It then
decreases to a minimum value of 192.2 MPa at 33% barrel
thickness. After reaching this minimum, the equivalent stress
increases, reaching 793.08 MPa at 65% barrel thickness, before
decreasing again to 480.65 MPa at the outer radius.

a)

Figure 12. Hoop stress contours during swage autofrettage
process a) Mid way, b) Endpoint.

b)

Figure 13. Radial stress contours during swage autofrettage

process a) Mid way, b) Endpoint.
b)

Figure 14. Axial stress contours during swage autofrettage
process a) Mid way, b) Endpoint

Figure 15. Von Mises stress contours during swage
autofrettage process a) Mid way, b) Endpoint.
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Figure 16. Stress distributions at the end of autofrettage for
baseline case.

Hoop, radial, axial and Von Mises equivalent stress contours are
plotted under 670 MPa working pressure along the barrel
thickness as shown in Figure 17. The stress distributions under
670 MPa working pressure are also plotted as shown in Figure
18.

Hoop stress: After the swage autofrettage, it is seen that the
hoop stress has a value of -401.42 MPa at the inner radius and
-757.62 MPa at 13% barrel thickness. The most important thing
is that the compressive hoop stress is -1007.3 MPa at 65%
barrel thickness at the inner radius and its direction is
compressive compared to a non-autofrettaged barrel. Thus, the
hoop stress is directed to a location far away from the inner
radius, which is the critical zone in terms of fatigue and crack
initiation.

Radlial stress: Due to the effect of the residual stress occurred at
barrel thickness, the radial stress reaches its peak value of -
666.4 MPa at the inner radius and decreases to 0 MPa at the
outer radius.

Axial stress. The axial stress distribution after the swage
autofrettage process closely resembles the initial axial stress
pattern. At 52% of the barrel thickness, the axial stress
transitions to the tensile (+) direction. It reaches a peak value
of -760.57 MPa at 2% of the barrel thickness and decreases to a
final value of 218.98 MPa at the outer radius.

Von Mises equivalent stress: 1 The Von Mises equivalent stress
propagates through the barrel thickness, showing a significant
reduction compared to a non-autofrettaged barrel. The Von
Mises equivalent stress is computed at 1122.3 MPa at 63% of
the barrel thickness.

Figure 17. Hoop, radial, axial and Von Mises stress contours
for autofrettaged barrel for baseline case.
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Figure 18. Stress distributions for autofrettaged barrel under
working pressure for baseline case.

For comparison, Figure 19 presents the stress distributions for
both non-autofrettaged and autofrettaged barrels under the
working pressure of 670 MPa in the baseline case. When this
pressure is applied to the non-autofrettaged barrel, as shown in
Figure 19, the maximum Von Mises stress occurs at the inner
radius (1350.3 MPa) and decreases towards the outer radius
(211.99 MPa). The maximum stress value of 1350.3 MPa
exceeds the yield strength of the barrel material (1195 MPa). In
fracture mechanics, the inner radius is considered the critical
location for crack initiation and propagation. The equivalent
stress exceeding the yield stress at the inner radius presents an
unfavorable condition for maintaining the structural integrity
of the barrel.

When a working pressure of 670 MPa is applied, the Von Mises
equivalent stress fluctuates near the inner radius, reaching its
minimum value. At the inner radius, the Von Mises equivalent
stress is 310.45 MPa, decreasing to a minimum of 57.15 MPa at
6% of the barrel thickness. Beyond this point, the equivalent
stress increases, reaching 1122.3 MPa at 63% of the barrel
thickness. This value is below the yield strength of the barrel
material (1195 MPa). After peaking, the Von Mises equivalent
stress gradually decreases towards the outer radius, reaching
683.78 MPa.

For the autofrettaged barrel, the maximum Von Mises stress
occurs at 63% of the barrel thickness, with a value of 1122.3
MPa. In contrast, for the non-autofrettaged barrel, the
maximum Von Mises stress reaches 1350.3 MPa at the inner
radius. This represents a 16.88% reduction in Von Mises stress
for the autofrettaged barrel.

A study [7] conducted on a heavy weapon barrel with similar
geometrical dimensions reported an 18% reduction in
maximum Von Mises equivalent stress. The results obtained in
this study align closely with the values presented in the
literature.

As a result, the barrel subjected to the autofrettage process
demonstrates a higher pressure-carrying capacity compared to
the non-autofrettaged barrel. Pressure-carrying capacity refers
to the barrel's ability to withstand applied pressure without
undergoing plastic deformation.

Von Mises equivalent stress values for non-autofrettaged and
autofrettaged barrels are obtained from numerical calculations
under working pressure and summarized in Table 4 for only
baseline case. The stress is evaluated at specific locations,
including the inner diameter (ID), the elastic-plastic junction
radius, and the outer diameter (OD). The table presents data for
both post-autofrettage and working conditions, as well as for
the non-autofrettaged case.
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Figure 19. Stress distribution comparison for non-
autofrettaged and autofrettaged barrel under working
pressure for baseline case.

Table 4. Von Mises stress for non/autofrettaged barrel under
working pressure at baseline case.

Non- Post- Working
autofrettaged autofrettaged  pressure
(MPa) (MPa) (MPa)
ID 1350.3 1086.5 310.45
Radius of
elastic- . 793.08 1122.3
plastic
junction
0D 211.99 793.08 683.78

4.3 Mandrel pushing forces for swage autofrettage
process

Swage autofrettage is performed by forcing a specially
manufactured oversized (extra-large) mandrel through the
inner diameter of the barrel (Figure 3).

Special machines and equipment are used for swage
autofrettage process. The mandrel is passed through the barrel
using a series of rams for the length of the barrel. The hydraulic
unit in the machine is used to drive the rams and therefore the
mandrel.

Mandrel pushing force is one of the most critical parameters for
swage autofrettage process. Alleviating pushing force means
using energy more efficiently. In addition, control of the
pushing force will prevent the mandrel from being subjected to
more stress and deformation. Therefore, mandrel's life
prolongs considerably [5],[7],[26],[34].

The pushing force versus mandrel’s position inside the barrel is
shown in Figure 20. When the mandrel is placed and travelled
inside the barrel, the pushing force swiftly reaches its peak
value. Then, the pushing force follows a fluctuating course.
Finally, it gradually decreases and drops the zero.

FEA software indicates that with a coefficient of friction of
0.015 p, the pushing force required from the moment the
mandrel's parallel section (Ips) contacts the inner surface of the
barrel until the mandrel exits is approximately 1,330,000 N
(135.58 tonnes).
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Figure 20. Mandrel pushing force versus barrel distance.

In order to compare the empirical pushing force with the force
value calculated by FEA software, LVDT (Linear variable
differential transducer) sensors should be used. Within the
available possibilities, the pushing force generated during the
swage autofrettage process has been read and recorded with a
tonnage gauge mounted on the plant (Figure 21). Finally, the
pushing force is empirically measured as about 142T.

Figure 21. Tonnage gauge on the swage autofrettage plant.

A comparison between numerical and experimental results
reveals a 4.52% error (Table 5). This margin of error is
considered reasonable. Furthermore, the numerical study
effectively replicates real-world conditions, demonstrating that
the FEA boundary conditions are accurately defined.

Table 5. Comparison of numerical and experimental results.

Pushing Numerical Experimental E(I;;Sr
force(tonnes) 13558 142 452

4.4 Parametric analyses

After evaluating numerical results, parametric analyses are
performed by using FEA model.

Based on these investigation parameters and their values, an
analysis matrix in Table 3 is formed in order to systematically
represent and evaluate the results in a comparative manner.
The analysis matrix includes 30 cases.

As shown in Table 3, the investigation matrix includes five main
parameters:

(@9 percent interference,

(2) yield strength of barrel material,
3 friction coefficient

4) mandrel parallel section length
(5 mandrel slope angle scaling factor

A wide range of parameter values are determined by
considering the applications in the field. By using these five

investigation parameters and their values, the analyses matrix
given in Table 3 is formed. There are 30 analysis cases. A
baseline case (Analysis 1) is determined by using reference
interference percentage of 2.94, yield strength of barrel
material of 1195 MPa, friction coefficient of 0.015, mandrel
parallel section length of 6.35 mm and mandrel forward and
rear slope angle 1.5° and 3.0°, respectively. When the effect of
each of five parameters is investigated, values of other
parameters are kept same as in the baseline case.

At the following subsections, effect of each investigation
parameters is given separately.

4.4.1 Percentinterference

Stress distribution after the swage autofrettage process is
plotted in Figures 22-25 for various barrel diameter as listed in
analysis matrix table (Table 3).

The percent interference is selected as 0.5, 1.0, 1.5, 2.0, 2.94 and
3.5. The percent interference (PI) is determined by fixing the
diameter of the mandrel’s parallel section and varying the inner
diameter of the barrel.

The percent interference is shown in Equation 3.
7
%Interference = (Fm - 1) X 100 3)

As shown in Figure 22, hoop stresses transition from
compressive near the inner radius to tensile towards the outer
radius. It is observed that as the interference percentage
increases, the point at which the hoop stress shifts from
compressive to tensile moves further along the barrel wall
thickness. For 0.5% P]I, this transition occurs at 4% of the barrel
thickness, while for 3.5% PI, it occurs at 15% of the barrel
thickness. The hoop stress at 4% barrel thickness for 0.5% Pl is
-412.04 MPa, whereas at 15% barrel thickness for 3.5% PI, it
reaches -1381.4 MPa.

As plotted in Figure 23, radial stresses are 0 MPa at both the
inner and outer radii of the barrel. The radial stress reaches its
peak compressive value near the inner radius and increases
with higher interference percentages. For 0.5% PI, the radial
stress is -385.40 MPa, while for 3.5% P], it is -38.01 MPa.

Axial stresses are directed from compressive direction near the
inner radius to tensile direction towards the outer radius of the
barrel similar to the hoop stresses as plotted in Figure 24.
Higher interference creates a larger compressive area, which
results in a larger axial stress. While the axial stress for 0.5 Pl is
-272.71 MPa, itis -695.15 MPa for 3.5 PI.

Similar to hoop stresses, axial stresses transition from
compressive near the inner radius to tensile towards the outer
radius, as shown in Figure 24. Greater interference results in a
larger compressive area and higher axial stress values. The
axial stress for 0.5% PI is -272.71 MPa, increasing to -695.15
MPa for 3.5% PIL.

Finally, as shown in Figure 25, Von Mises equivalent stresses
are elevated at both the inner and outer radii. The minimum
Von Mises stress is observed at a certain point between the
inner and outer radii, corresponding to the shift from
compressive to tensile stress. For 0.5% PI, the minimum Von
Mises equivalent stress is 336.97 MPa at 4% barrel thickness,
whereas for 3.5% PI, it reaches 1078.4 MPa at 15% barrel
thickness.
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Figure 22. Hoop stress distributions with the respect to
diameter.
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Figure 23. Radial stress distributions with the respect to
diameter.
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Figure 24. Axial stress distributions with the respect to
diameter.
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Figure 25. Von Mises stress distributions with the respect to
diameter.

4.4.2 Effect of yield strength

The effect of yield strength of barrel material is plotted in
Figures 26-29. The barrel material is the AISI 4340 steel
Material yield strength may vary depending on heat treatment
process. Analyzes are carried out for the yield strengths of 1000
MPa, 1100 MPa and 1195 MPa, which are within the lower and
upper limit values of the barrel material.

The hoop, radial, axial and Von Mises equivalent stress
occurred to different yield strengths after swage autofrettage
are plotted in Figures 26-29.

When the graphs plotted in Figures 26-29 are evaluated
together, the resistance of the barrel material against plastic
deformation increased with increasing yield strength. There
are findings in the graphs to support this determination at all
stress values.
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Figure 26. Hoop stress distributions with the respect to yield
strength.
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Figure 27. Radial stress distributions with the respect to yield
strength.
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Figure 28. Axial stress distributions with the respect to yield

strength.
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Figure 29. Von Mises stress distributions with the respect to
yield strength.

4.4.3 Effect of friction coefficient

The coefficient of friction (W) is another parameter analyzed in
the analysis matrix. As a reference value for the coefficient of



friction, 0.015p is defined as the boundary condition in the FEA
software.

This coefficient of friction of 0.015 is obtained by applying
stearate-based oil [20] to the phosphate coating
(zinc/manganese) on the inner surface of the barrel.

Many lubricants are used in the swage autofrettage process as
stated in the literature [5],[6],[8],[20],[27] It is known that the
coefficient of friction values obtained when using these
lubricants vary between 0.005 and 0.180y. In this study, stress
distributions for friction coefficients of 0.005, 0.010, 0.015,
0.030, 0.045, 0.060, 0.120 and 0.180 are plotted.

The hoop, radial, axial and Von Mises equivalent stresses for
different friction coefficients after swage autofrettage are
plotted in Figures 30-33

It is observed that the hoop and radial stresses are almost
similar for all friction coefficients as shown in Figures 30 and
31.

As shown in Figures 30 and 31, hoop and radial stresses exhibit
minimal variation across different friction coefficients.

Axial stresses, however, show slight changes with increasing
friction coefficients, as shown in Figure 32. When analyzed
alongside Figure 30, it is evident that despite variations in the
friction coefficient, the contact pressure (6=0r at r=ra) remains
constant, resulting in minimal changes to axial stresses.
Additionally, axial stresses become less negative (more
positive) as the friction coefficient increases, but the overall
trend remains consistent.

Finally, as shown in Figure 33, the Von Mises equivalent
stresses are nearly identical across all friction coefficients.
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Figure 30. Hoop stress distributions with the respect to
friction coefficient.
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Figure 31. Radial stress distributions with the respect to
friction coefficient.
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Figure 32. Axial stress distributions with the respect to friction
coefficient.
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Figure 33. Von Mises stress distributions with the respect to
friction coefficient.

4.4.4 Effect of mandrel parallel section length

The effects of mandrel parallel section length on the stress
distributions are examined in the analysis matrix. The parallel
section length on the mandrel is denoted by the lps. In the
reference study, the value of the Ips is 6.35 mm. Mandrel parallel
section length is multiplied by 0.25, 0.50, 0.75, 1.5, 3.00 and
4.50.

The effects of mandrel parallel section length on stress
distributions are also examined in the analysis matrix. The
parallel section length (Ips) of the mandrel in the reference
study is 6.35 mm. This length was varied by multiplying it by
factors of 0.25, 0.50, 0.75, 1.5, 3.00, and 4.50.

The hoop, radial, axial and Von Mises equivalent stresses after
swage autofrettage for different mandrel parallel section length
are plotted in Figures 34-37.

As shown in Figure 34, hoop stresses remain similar across
different mandrel geometries, except for lps values of 3.00 and
4.50 at the end of the swage autofrettage process. In Figure 35,
it can be seen that for Ips values of 3.00 and 4.50, axial stresses
increase positively at 20% barrel thickness due to compressive
axial strain (-). During the swage autofrettage process, larger lps
values lead to plastic axial deformation caused by high shear
stresses at the forward and rear tapering sections of the
mandrel. Consequently, hoop stress values (Figure 34)
decrease significantly for lps values of 3.00 and 4.50, reducing
the overall effectiveness of the swage autofrettage process.

Radial stresses decrease as lps increases, as shown in Figure 35.
This is attributed to the expansion of the plastic deformation
zone near the inner radius of the barrel, resulting in lower
contact pressure in this region. As a result, the stiffness of the
barrel material decreases in the area in contact with the
mandrel’s parallel section, reducing the radial stress effect.

Axial stresses at the inner radius (Figure 36) are more negative
for shorter lps values, as shorter l,s induces greater compressive
axial stresses near the inner radius.



Finally, Differences in radial, axial, and hoop stresses for lps scaling factor of 1/2, the mandrel forward slope angle (ar) is

values of 3.00 and 4.50 significantly influence the Von Mises 0.75° and the rear slope angle (ab) is 1.5 respectively®.
equivalent stress distributions, as shown in Figure 37. Table 6. The range of mandrel slope angle scaling factor.
" —keterence Hoop Scaling factor Forward slope Rear slope angle
o (SF) angle (ar) (°) (ar) ()
e 1/2 0.75 15
_ —Hoop_(0.50155) 2/3 1.0 2.0
g oap (07510 1 1.5 3.0
_ 15 2.25 45
T 2.0 3.0 6.0
Thoop (30017 2.5 3.75 7.5
—Hoop (45 1p3) The hoop, radial, axial and Von Mises equivalent stresses after
e pr—— swage autofrettage for different mandrel slope angle scaling

Figure 34. Hoop stress distributions with the respect to factor are plotted in Figures 38-41.
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4.4.5 Effect of mandrel slope angle scaling factor
Figure 39. Radial stress distributions with the respect to slope

The effects of mandrel slope angle scaling factor on the stress .
angle scaling factor.

distributions are also examined in the analysis matrix.

Mandrel slope angle scaling factor is selected as 1/2, 2/3, 1.5,
2.0 and 2.5 by scaling reference values listed in Table 6 (1.5°
forward angle and 3.0°rear slope angle). For example, for a
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Figure 40. Axial stress distributions with the respect to slope
angle scaling factor.
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Figure 41. Von Mises stress distributions with the respect to
slope angle scaling factor.

4.5 Impact of Bauschinger Effect on the Residual Stress

Theoretically, when the yield stress in the tensile is equal in
magnitude to that in compression, there will be no reduction in
the yield strength (reverse yielding) until the ratio of outer to
inner radius (k) exceeds a value of about 2.2. However, after a
critical pressure threshold due to the Bauschinger effect, this
phenomenon can also occur at lower ratios of k. In other words,
it can take place at lower k values if yielding occurs in
compression at a lower stress than in tension due to the
Bauschinger effect [24],[35].

The Bauschinger effect is represented by the Bauschinger effect
factor. This value, which is defined as the ratio of oy, compressive/ Gy,
tensile, varies between 0.3-1.0 [1]. The lower this factor the lower
the yield strength in the compression and Bauschinger effect
factor significantly affects the residual stress distribution
[32],[37],[38]. In practice, after the autofrettage process, the
material is subjected to a low temperature stress relieving
process [39] and this negative effect on the residual stress is
tried to be eliminated.

If Von Mises residual equivalent stress at the inner radius to be
equal to the yield strength in compression (0y, compressive) of the
barrel material after the swage autofrettage, reverse yielding
will not take place [40]. In order to prevent reverse yielding
after swage autofrettage process:

\/% [(09 - ar)z + (Ur - UZ)Z + (UZ - 09)2] < kO'y €3]

r=a

In this study, the Bauschinger effect factor is calculated as
1058/1195=0.885. The Bauschinger effect factor (k) is
assumed to be constant. The plastic strain through the wall
thickness is not uniform; therefore, in practice, k varies with the
radius [41],[42].

In Table 7, residual equivalent stress results indicate that
reverse yielding occurs at the end of the swage autofrettage

process for each parameter and its values. Consequently, the
stress distribution is adversely affected by the Bauschinger
effect. However, further analytical, numerical, and
experimental studies are required to thoroughly investigate the
implications of this phenomenon.

Table 7. Bauschinger effect on residual stress distribution.

Residual Von
Mises equivalent

Compressive

Percent yield stress

interference (PI)

stress (MPa) (MPa)
294 1087.7 1058
0.5 336.97 1058
1.0 1096.6 1058
1.5 1125.2 1058
2.0 1115.2 1058
35 1069.1 1058

Residual Von Compressive

Ylelc(ll\i;r:)ngth Mises equivalent yield stress
stress (MPa) (MPa)
1195 1087.7 1058
1100 995.3 1058
1000 896.99 1058
Friction Residual Von Compressive
coefficient Mises equivalent yield stress
(W stress (MPa) (MPa)
0.015 1087.7 1058
0.005 1088.4 1058
0.010 1088 1058
0.030 1086.8 1058
0.045 1085.5 1058
0.060 1084 1058
0.120 1076.1 1058
0.180 1068.5 1058
Mandrel parallel Residual Von Compressive
section length Mises equivalent yield stress
(Ips) stress (MPa) (MPa)
1*1ps 1087.7 1058
0.25*Ips 1101.6 1058
0.50%1ps 1098.2 1058
0.75*1ps 1092.9 1058
1.50%1ps 1086.1 1058
3.00%1ps 1072.7 1058
4.50%]ps 1061.9 1058
Mandrel slope Residual Von Compressive
angle scaling Mises equivalent yield stress
factor (SF) stress (MPa) (MPa)
1 1087.7 1058
0.50 1080.6 1058
0.67 1085.6 1058
1.50 1095.6 1058
2.00 1099.7 1058
2.50 1104.3 1058

5 Conclusion

This study numerically evaluates the stress distributions
developed during the swage autofrettage process of a heavy
weapon barrel using Finite Element Analysis (FEA). Stress
distributions are analyzed based on five key parameters:
percent interference, barrel material yield strength, friction
coefficient, mandrel parallel section length, and mandrel slope
angle scaling factor. Additionally, the pushing force generated
during the swage autofrettage process is calculated both
numerically and experimentally. The primary findings are
summarized as follows:



(1) The Von Mises stress under working pressure for the non-
autofrettaged barrel is calculated as 1350.3 MPa, exceeding
the yield strength of the material. In contrast, for the
autofrettaged barrel, the Von Mises equivalent stress under
the same conditions is significantly reduced to 310.45 MPa.

(2) For the autofrettaged barrel, the maximum Von Mises
equivalent stress reaches 1122.3 MPa at 63% of the barrel
thickness. This value remains below the material's yield
strength of 1195 MPa, indicating the structural integrity of
the barrel under operational conditions.

(3) The application of autofrettage results in a 16.88%
reduction in Von Mises stress compared to the non-
autofrettaged barrel under working pressure.

(4) The pushing force required for the swage autofrettage
process is calculated numerically at 135.58T using ANSYS
FEA software, while experimental measurements yield a
force of approximately 142T. The discrepancy between the
numerical and experimental results corresponds to an
error of 4.52%, which is considered acceptable and within
reasonable limits.

(5) Higher percent interference increases compressive residual
radial stress throughout the barrel thickness. Concurrently,
residual axial stress transitions from compressive near the
inner radius to tensile near the outer radius. Greater
percent interference also results in larger compressive are,
accompanied by higher tensile residual hoop and axial
stresses.

(6) Yield strength variations in the barrel material (1000 MPa,
1100 MPa, and 1195 MPa) produce negligible differences in
residual stress distributions, suggesting that the
autofrettage process is robust across different material
strengths

(7) Reducing the friction coefficient between the mandrel and
the barrel generally enhances the process efficiency.
However, higher friction coefficients lead to slight
dissipation of hoop stresses, while axial stresses become
less negative (or more positive) due to increased axial
loading. Despite this variation, the overall stress
distribution trends remain consistent.

(8) The mandrel's parallel section length (lps) significantly
affects axial stress distribution during swage autofrettage.
The lps value of 6.35 mm yields an optimal stress
distribution. For larger lps values (3.00 mm and 4.50 mm),
axial stresses increase positively at approximately 20%
barrel thickness due to compressive axial strain. Prolonged
parallel section lengths induce plastic axial deformation
from high shear stresses at the mandrel’s forward and rear
tapering sections, reducing compressive hoop stress and
diminishing the overall effectiveness of the autofrettage
process.

(9) The mandrel slope angle scaling factor strongly influences
stress distributions. Higher scaling factors (2.0 and 2.5)
increase mandrel-barrel contact pressure and reduce
plastic deformation, while lower scaling factors (1/2 and
2/3) lead to slight reductions in residual hoop stress.
Conversely, residual axial stress near the inner radius
becomes significantly more negative as the slope scaling
factor increases.

The application of the swage autofrettage process is essential
for enhancing the pressure-carrying capacity and longevity of
heavy weapon barrels. Numerical analysis of stress

distributions provides critical insights into optimizing process
parameters, thereby ensuring improved barrel performance
and structural reliability.
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