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Abstract. The double-layer combined die is used for its longer life in forging. Autofrettage is a well-known
elastic–plastic technology that increases the durability of thick-walled cylinders. This study explores an alter-
native design method of the double-layer combined die using autofrettage theory. An analytical solution for the
autofrettage process of the double-layer combined die is obtained based on Lamé’s equation. The relationship
between the autofrettage pressure and the yield radius of the die insert is obtained, and expressions of residual
stresses and displacements, which are directly related to geometric parameters, material properties and internal
pressure, are derived. The finite-element simulation of a specific case is performed, and good agreement be-
tween theoretical calculations and simulation results is found. Furthermore, the effects of important parameters,
including the ratio of the plastic area and yield strength of the die insert and the outer diameters of the die insert
and stress ring, on the autofrettage effect are investigated. Compared with the conventional combined die, the
autofrettaged die can bear larger working pressure, as expected. The use of the autofrettaged die can reduce the
amount of expensive material required for the die insert and the working space of the die set, which would benefit
the practical forging process.

1 Introduction

In the process of cold forging, a die usually needs to be of
high strength to resist a large forging load. The accumulation
of plastic deformation near points of stress concentration re-
sulting from the cyclic loading conditions leads to fatigue
damage and eventually to the generation of a crack on the
surface of the die (Pedersen, 2000). A die insert with one or
more massive stress rings, which is called a combined die
or prestressed die, is thus designed to reduce the stress level
during forging.

High radial and circumferential stresses strongly affect the
elastic deformation and failure of forging dies, and the time
and economic losses due to unpredicted die failure during
service in forging are costly. Against this background, many
studies (Joun et al., 2002; Yeo et al., 2001; Kwan and Wang,
2011; Yang et al., 2012) have attempted to optimize the di-
mensions of the die structure employing different optimiza-
tion methods.

Usually, high-strength tool steel is used for the die insert,
while normal steel is used for the stress rings. It was found

that a backward extrusion die prestressed with sintered car-
bide could be strengthened (Hur et al., 2002) and reduce elas-
tic deformation (Hur et al., 2003). The strip-wound container
with a winding core of tungsten carbide made it possible to
create new innovative die designs (Groenbaek and Birker,
2000). The cited works introduced the stress ring with high-
stiffness material or structure that could strengthen the com-
bined die effectively, but the cost of a single set of the com-
bined die increased.

Autofrettage is a well-known elastic–plastic technology
that increases the durability of thick-walled cylinders, and
is commonly used in high-pressure vessels. A cylinder tube
is subjected to uniform internal pressure so that its wall
becomes partially plastic, resulting in internal compressive
residual stresses that increase the pressure capacity for the
next loading (Majzoobi et al., 2003). The optimum autofret-
tage pressure is not constant but depends on the working
pressure (Hojjati and Hassani, 2007). To improve the per-
formance of a type-III hydrogen pressure vessel, the most
appropriate autofrettage pressure has been determined by
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finite-element (FE) simulation (Son et al., 2012). The pres-
sure reached in available commercial autofrettage processes
is between 370 and 1200 MPa (http://www.felss.com).

A method of calculating the stress intensity factor was
used to estimate the fatigue life of an autofrettage tube, and
results showed that the fatigue life increased with the aut-
ofrettage level (Jahed et al., 2006). The ultimate load bearing
capacity of the autofrettage cylinder was estimated theoreti-
cally (Zhu, 2008a, b). The autofrettage process led to tangi-
ble increases in the strength-to-weight ratio and fatigue life
of the cannon tube (Anantharam and Kumar, 2014). A novel
concept of an autofrettage compounded tube was proposed
to give a high safe pressure and good fatigue life (Bhatna-
gar, 2013). Therefore, using autofrettage technology, the load
bearing capacity, strength-to-weight ratio and fatigue life of
cylinder parts can be improved.

Considering the advantages of autofrettage technology, it
is desirable to explore the possibility of the application of
the technology to the cold forging die. The effect law of
strain hardening and the Bauschinger effect on the autofret-
tage process have been discussed by comparing the results of
a bilinear kinematic hardening model and ideal elastoplas-
tic model, and the optimum autofrettage pressure was deter-
mined to meet the high dimensional accuracy and strength re-
quirements of a single-layer extrusion die (Qian et al., 2011).
However, the single-layer die is seldom used in actual forg-
ing.

The present study obtained an analytical solution for the
autofrettage process of the double-layer combined die and
established formulae of the residual stresses and displace-
ments. The simulation results for a specific case of the
double-layer combined die after autofrettage were used to
verify the reliability and accuracy of the theoretical deriva-
tion. On this basis, other cases were considered in studying
the effects of the ratio of the plastic area and yield strength
of the die insert and the outer diameters of the die insert and
stress ring on the autofrettaged die. The results clarify the
autofrettage effect and contribute to the design of the double-
layer combined die for forging.

Different from previous design strategies – such as using
stronger material for the die insert directly, optimization of
the die dimensions including the interference fit, and using
a stress ring with a high-stiffness material or structure – a
novel design method of the combined die is proposed, where
compressive stresses on the die insert are introduced by the
autofrettage process to improve the strength of the combined
die.

2 Theory and formulation

The combined die, which consists of insert die and stress
ring, is first strengthened by the classical shrink fit, and the
autofrettage process is then applied as a pre-process before
the combined die is used in forging. During the autofrettage

process, an enormous uniform internal pressure is loaded on
the double-layer combined die, so that there is uniform plas-
tic deformation of the die. After unloading, there are residual
stresses and a plastic area with certain thickness emerges. A
theoretical discussion of the autofrettage process is now pre-
sented.

Several assumptions are made. (1) The double-layer com-
bined die can be regarded as an axially constrained cylinder.
(2) Because of the small axial deformation, the autofrettage
process can be simplified as a plane-strain problem. (3) The
material of the die insert is a perfectly elastic–plastic mate-
rial and obeys the von Mises criterion. (4) The material is
supposed to be incompressible. (5) Plastic deformation only
occurs in the die insert, while the stress ring remains in the
elastic state.

2.1 Stress in the loading process

In the loading process, the die insert can be subdivided as
inner-plastic and outer-elastic layers considering the elastic–
plastic deformation behavior of the combined die. The uni-
form autofrettage pressure is denoted p0. The radius at the
boundary between plastic and elastic areas is referred to as
the yield radius rp, the normal stress between the two areas
is denoted q, and the normal stress between die insert and
stress ring is denoted ppk , as shown in Fig. 1.

According to the equilibrium equation and the yield crite-
rion

dσr
dr
−
σs

r
= 0. (1)

Under the assumptions mentioned above, the radial stress in
the inner-plastic layer can be obtained according to the equi-
librium, Eq. (1):

σr =
2
√

3
σs lnr +C(r1 ≤ r ≤ rp). (2)

The constant C can be calculated using the boundary condi-
tion σr =−p0 when r = r1:

C =−p0−
2
√

3
σs lnr1. (3)

Then, σr in the plastic area of the die insert can then be solved
as

σr =
2
√

3
σs ln

r

r1
−p0(r1 ≤ r ≤ rp). (4)

and σθ in the plastic area of the die insert can be solved as

σθ = σr + σs =
2
√

3
σs(1+ ln

r

r1
)−p0(r1 ≤ r ≤ rp). (5)

According to the Eqs. (4) and (5), the stress components of
plastic area are stationary (Xu and Liu, 1995), and they are
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Figure 1. Double-layer combined die.

only related to internal pressure p0, and has nothing to do
with the stress of elastic area.

As shown in Fig. 1, the outer-elastic layer can be re-
garded as a thick cylinder under internal pressure q and ex-
ternal pressure. Using Lamé’s formula, the external pressure
is obtained according to the geometry boundary condition
r2+u2 = r3+u3, where u2 and u3 are the displacements due
to the interference fit between the die insert and stress ring.
The external pressure is given by

p
p
k =

r3− r2− q1
p

1

1
p

2 −13
, (6)

where1p1 =2r2
(1−µ2

1)r2
p

E1(r2
2−r

2
p)

,1p2 = (1+µ1)r2
2

E1(r2
2−r

2
p)
[(2µ1−1)r2−

r2
p

r2
] and

13= (µ2+1)r2
3

E2(r2
4−r

2
3 )
[(1− 2µ2)r3+

r2
4
r3
], E1 and E2 are respectively

the elastic moduli of the materials of the die insert and stress
ring, and µ1 and µ2 are respectively the Poisson ratios of the
materials of the die insert and stress ring.

According to Lamé’s equation, the stresses in the elastic
area of the die insert are

σr =
r2
pr

2
2 (ppk − q)

r2
2 − r

2
p

·
1
r2 +

r2
pq − r

2
2p

p
k

r2
2 − r

2
p

σθ=−
r2
pr

2
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r2
2 − r

2
p

·
1
r2 +

r2
pq − r

2
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p
k

r2
2 − r

2
p

(rp ≤ r ≤ r2), (7)

and the stresses of the stress ring are
σr =−

r2
3 r

2
4p

p
k

r2
4 − r

2
3
·

1
r2 +

r2
3p

p
k

r2
4 − r

2
3

σθ=
r2

3 r
2
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p
k

r2
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2
3
·

1
r2 +
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3p

p
k

r2
4 − r

2
3

(r3 ≤ r ≤ r4). (8)

In the outer-elastic layer, the die material just yields at the
inner boundary. Therefore, the normal stress can be derived
according to Lamé’s equation:

q=
σs(r2

2 − r
2
p)

√
3r2

2

+p
p
k

=(
σs(r2

2 − r
2
p)

√
3r2

2

+
r3− r2

1
p

2 −13
)/(1+

1
p

1

1
p

2 −13
).

(9)

In the inner-plastic layer, the normal stress at the outer
boundary can be solved by substituting σr =−q into Eq. (3)
when r = rp:

q =−
2
√

3
σs ln

rp

r1
+p0. (10)

The normal stress between the inner-plastic and outer-elastic
layers should be the same. The relationship between the aut-
ofrettage pressure p0 and the yield radius rp can then be ob-
tained as

p0=(
σsr

2
p(r2

2 − r
2
p)

√
3r2
pr

2
2

+
r3− r2

1
p

2 −13
)/(1+

1
p

1

1
p

2 −13
)

+
2
√

3
σs ln

rp

r1
.

(11)

2.2 Displacement in the loading process

According to Lamé’s equation, the displacement of the stress
ring is

u=
1+µ2

E2
[
r2

3 r
2
4p

p
k

r2
4 − r

2
3

1
r

+(1− 2µ2)
r2

3p
p
k

r2
4 − r

2
3
r]

(r3 ≤ r ≤ r4). (12)

and the displacement in the outer-elastic layer of the die
insert is

u=
1+µ1

E1
[−
r2
pr

2
2 (ppk − q)

r2
2−r

2
p

1
r

+(1− 2µ1)
r2
pq − r

2
2p

p
k

r2
2 − r

2
p

r]

(rp ≤ r ≤ r2). (13)

By considering the incompressible condition and geometric
equation in the plane-strain problem, the displacement in the
inner-plastic layer is obtained as

u=
C1

r
(r1 ≤ r ≤ rp). (14)
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The displacement along the radius of the die insert should be
continuous, and the displacements at the boundary between
the inner-plastic and outer-elastic layers should thus be equal.
When r = rp, the displacement calculated using Eqs. (12)
and (13) should be the same. The constant C1 can then be
determined as

C1=
1+µ1

E1
[−
r2
pr

2
2 (ppk − q)

r2
2−r

2
p

+(1− 2µ1)
r2
pq − r

2
2p

p
k

r2
2 − r

2
p

r2
p].

(15)

The displacement in the inner-plastic layer of the die insert
is thus

u=
1+µ1

E1r
[−
r2
pr

2
2 (ppk − q)

r2
2 − r

2
p

+(1− 2µ1)
r2
pq − r

2
2p

p
k

r2
2 − r

2
p

r2
p]

(rp ≤ r ≤ r2). (16)

2.3 Residual stress after unloading

Residual stress is the difference between stresses of the load-
ing and unloading processes:

σ rij = σij − σ
e
ij , (17)

where σ rij denotes the residual stresses, σij denotes the
stresses of the loading process and σ eij denotes the stresses
of the unloading process.

During the unloading process, the stresses in the die insert
are
σ er =
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] and rei = ri + ui (i = 1, 2, 3, 4). ui is the

displacement due to the interference fit between the die
insert and stress ring.

The residual stresses in the die insert are then
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The stresses in the stress ring during unloading can be ex-
pressed as
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The corresponding residual stresses are
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2.4 Residual displacement after unloading

The residual displacement is the difference between dis-
placements of loading and unloading processes:

ur = u− ue, (23)

where ur is the residual displacement, u is the displacement
of the loading process and ue is the displacement of the un-
loading process.

During the unloading process, the displacement in the die
insert is

ue =
1+µ1

E1
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The displacement in the stress ring during the unloading pro-
cess is
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Figure 2. Distributions of (a) equivalent plastic strain, (b) residual displacement, (c) radial residual stress and (d) circumferential residual
stress obtained from FE simulation results.

Table 1. Parameters of the combined die.

Parameters Die insert Stress ring

Elastic modulus (GPa) 212 212
Yield strength (MPa) 1300 900
Poisson’s ratio 0.3 0.3
Inner diameter (mm) 20.00 36.00
External diameter (mm) 36.00 80.00
Interference fit (mm) 0.07

3 FE simulation

To verify the reliability and accuracy of the theoretical
derivation, a specific case of a double-layer combined die
strengthened by the autofrettage process is analyzed in an FE
simulation. The relative parameters of the combined die are
listed in Table 1. In the simulated case, the autofrettage pres-
sure is 940.0 MPa, 5.0 % of the die insert undergoes plastic
deformation and the yield radius is 20.80 mm.

According to the parameters given above, a 1/4-scale ge-
ometric model was constructed using the commercial sim-
ulation software MSC MARC. The material model obeys
elastic–plastic law perfectly. A total of 800 full integra-
tion quad elements were used and no remeshing was trig-
gered during the simulation. During the autofrettage process,

the combined die was first subjected to inner pressure of
940.0 MPa until there was partial plasticity, and the pressure
was then released to 0 MPa. As shown in Fig. 2a, 5.0 % of the
die insert becomes plastic. The figure also presents residual
stresses and residual displacement distribution on the com-
bined die obtained from simulation results.

Meanwhile, the residual stresses and residual displace-
ment in the autofrettaged double-layer combined die were
calculated on a theoretical basis using the above formulas.
As shown in Fig. 3, the radial residual stress is compressive
stress, and it reduces with the radius of the die insert but in-
creases with the radius of the stress ring. The circumferential
residual stress on the die insert increases first rapidly then
slowly with the radius, and the circumferential residual stress
on the stress ring becomes tensile stress and decreases with
the radius. The distributions of the residual stresses agree
perfectly with the results obtained from FE simulation.

The residual stresses and displacements at the die bound-
aries are further extracted and listed in Table 2. The differ-
ence between theoretical and simulation values of the radial
residual stress is 10.3 MPa at the inner diameter of the die
insert, and the difference is only 0.8 MPa at the outer diam-
eter of the stress ring. The absolute error of the values at the
interface is less than 16.11 %. In the case of the circumfer-
ential residual stress, the absolute error between simulation
and theoretical values is 5.62–9.49 %. The values of residual
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Figure 3. Distributions of (a) radial and (b) circumferential residual
stresses obtained from theoretical calculation.

displacement at the inner and outer diameters of the insert
die and stress ring are the same. There is good agreement be-
tween the theoretical calculations and FE simulation results.

4 Numerical results and discussion

For further analysis, nine cases of the combined die strength-
ened by the autofrettage process were numerically solved us-
ing the theory and formulas given in Sect. 2. The cases are
listed in Table 3. The table gives important parameters, in-
cluding the ratio of the plastic area and the yield strength
of the die insert. The outer diameters of the die insert and
stress ring were chosen as variables. Different ratios of the
plastic area meant that there were different yield radii, re-
quiring different autofrettage pressures. Here, the required
autofrettage pressure was between 823.1 and 1144.4 MPa,
which is a range of pressures that can be applied in prac-
tice (http://www.felss.com). The inner diameter of the stress
ring should increase as the outer diameter of the die insert
decreases.

For comparison, the case of the conventional combined die
was chosen as case X, and the relative stresses were solved
using the typical Lamé equation.

4.1 Effect of the ratio of the plastic area

The ratio of the plastic area on the die insert is the main index
that reflects the effect of the autofrettage process. In cases I,
II and III, the ratio of the plastic area varies from 3 to 8 %,
and the results of residual stresses in these cases are given in
Table 4. The residual stresses on the die insert are compres-
sive, which improves the strength of the die insert. However,
the circumferential residual stresses on the stress ring are ten-
sile, which is not beneficial for the stress ring.

The absolute values of radial residual stresses slightly in-
crease with the ratio of the plastic area. However, the value
of the circumferential residual stress at the inner diameter of
the die insert increases with the ratio of the plastic area. The
compressive residual stress at the internal boundary of the die
insert after autofrettage is much larger than that in the con-
ventional combined die, which can better offset the tensile
stress caused by the subsequent working process. Therefore,
the autofrettage process can reduce the risk of longitudinal
cracking on the internal surface of the die insert.

When the ratio of the plastic area reaches 8 %, the circum-
ferential residual stress near the internal surface of the die
insert is −572.0 MPa, which is around 1.5 times that gener-
ated in the conventional combined die.

At the same time, the circumferential residual stress near
the internal surface of the stress ring increases to 204.3 MPa,
and the increase in amplitude is 1.6 % relative to the con-
ventional combined die. The greater circumferential tensile
stress can increase the failure of the stress ring.

4.2 Effect of yield strength

In the forging process, the strength of the die steel is an
important factor affecting the die life. In the case studies,
the yield strength of the stress ring is 900 MPa and three
different tool steels with yield strengths of 1100, 1300 and
1650 MPa are selected as the material of the die insert. There-
fore, theoretical calculations were made for the different
yield strengths of the die insert, and the results are presented
in Table 5.

Table 5 shows that the radial residual stress changes little
with a variation in yield strength. Meanwhile, the circum-
ferential residual stress on the die insert increases with the
yield strength. As the yield strength increases from 1100 to
1650 MPa, the circumferential compressive stress near the
internal surface of the die insert increases by about 10.34 %
and reaches 535.6 MPa, while the circumferential tensile
stress near the internal surface of the stress ring remains al-
most the same.

In the case of the conventional combined die, prestress
does not affect the yield strength of the die insert and stress
ring because the prestressing behavior is a kind of elastic
deformation effect originating from the interference fit. The
residual stress is much smaller than that of the combined die
after the autofrettage process. The circumferential residual
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Table 2. Residual stresses and displacements at die boundaries.

Calculation methods Die insert Stress ring

r1 r2 r3 r4

Radial residual stress (MPa) theoretical 0 −134.7 −134.7 0
simulation 10.3 −121.5 −113.0 −0.8

Circumferential residual stress (MPa) theoretical −503.6 −250.7 202.8 68.1
simulation −475.3 −226.9 187.6 61.9

Residual displacement (mm) theoretical −0.03 −0.03 0.04 0.02
simulation −0.03 −0.03 0.04 0.02

Table 3. Parameters of cases selected for further analysis.

Case Die insert Stress ring Die insert Stress ring
Ratio of Yield radius Autofrettage Yield strength Yield strength r1 r2 r3 r4

plastic area (mm) pressure (MPa) (MPa) (MPa) (mm) (mm) (mm) (mm)

I 3 % 20.48 918.1 1300 900 20 36.07 36 80
II 5 % 20.80 940.0 1300 900 20 36.07 36 80
III 8 % 21.29 972.0 1300 900 20 36.07 36 80
IV 5 % 20.80 823.1 1100 900 20 36.07 36 80
V 5 % 20.80 1144.4 1650 900 20 36.07 36 80
VI 5 % 20.75 944.4 1300 900 20 35.07 36 80
VII 5 % 20.70 949.2 1300 900 20 34.07 36 80
VIII 5 % 20.80 926.7 1300 900 20 36.07 36 75
VX 5 % 20.80 910.5 1300 900 20 36.07 36 70
X – – – 1300 900 20 36.07 36 80

stress at the inner surface is only 79.30 % of that generated
from the autofrettage process even when the yield strength of
the die insert is the minimum 1100 MPa.

Taking the increase in circumferential residual stress as an
index, it is seen that an increase in the ratio of the plastic
area of the die insert is more effective than a change to a die
material with higher yield strength. As shown in case V, the
required autofrettage pressure reaches 1144.4 MPa when the
yield strength of the die insert is 1650 MPa, and such pres-
sure is difficult to realize in an actual autofrettage process.
Therefore, a die insert made of lower-strength material could
be used in the autofrettaged die to obtain the good effect of
the prestress state.

4.3 Effect of die dimensions

In further study, the effect of die dimensions on the com-
bined die after autofrettage was investigated. Both the resid-
ual stresses after autofrettage and the stresses during the
working process were calculated, and the values at the in-
ner diameters of the die insert and stress ring, which cor-
respond to the zone most likely to fail during the working
process, are listed in Table 6. The working pressure is as-
sumed as 900 MPa, and the equivalent stress during the work-
ing process is computed to evaluate the die failure. Gener-

ally, the die will fail when the equivalent stress reaches the
yield strength of the die material. In the cases considered,
the working stresses are equal to the sum of residual stresses
from autofrettage and the new stresses generated by the as-
sumed working pressure. The equivalent stress is simply cal-
culated according to the von Mises yield criterion as

σ̄ =

√
3

2
(σθ − σr ). (26)

In the case of the conventional combined die, the maxi-
mum working pressure is determined as 884.3 MPa when the
equivalent stress of the die insert reaches a yield strength of
1300 MPa according to Lamé’s formula and the von Mises
criterion. Compared with the conventional combined die, the
autofrettaged combined die can bear larger working pressure,
as expected.

In cases VI and VII, the outer diameter of the die in-
sert is 35.0 and 34.0 mm, respectively, and the variation in
residual stress after autofrettage is within 10.2 MPa. During
the working process, the circumferential stresses of the die
insert become tensile stresses, and the stress of the stress
ring increases with decreasing inner diameter of the ring.
The equivalent stress on the internal surface of the die in-
sert hardly changes and is far below the yield strength. How-
ever, when the outer diameter of the die insert is reduced to
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Table 4. Residual stresses in cases with different ratios of the plastic area.

Stress Case Die insert Stress ring

r1 rp r2 r3 r4

Radial residual stress (MPa) I 0 −9.9 −134.3 −134.3 0
II 0 −17.0 −134.7 −134.7 0
III 0 −28.2 −135.7 −135.7 0
X 0 – −133.3 −133.3 0

Circumferential residual stress (MPa) I −457.1 −375.7 −251.3 202.2 67.9
II −503.6 −368.4 −250.7 202.8 68.1
III −572.0 −356.8 −249.3 204.3 68.6
X −384.9 – −251.6 201.0 67.7

Table 5. Residual stresses in cases with different yield strengths.

Stress Case Die insert Stress ring

r1 rp r2 r3 r4

Radial residual stress (MPa) IV 0 −16.6 −134.5 −134.5 0
II 0 −17.0 −134.7 −134.7 0
V 0 −17.6 −135.0 −135.0 0
X 0 – −133.3 −133.3 0

Circumferential residual stress (MPa) IV −485.4 −368.7 −250.8 202.6 68.1
II −503.6 −368.4 −250.7 202.8 68.1
V −535.6 −367.9 −250.5 203.3 68.3
X −384.9 – −251.6 201.0 67.7

34.0 mm, the equivalent stress of the stress ring increases to
864.7 MPa, which is close to the yield strength of 900 MPa.
From a different view, a smaller die insert can be adopted
after autofrettage to reduce the amount of expensive material
that is usually used for the die insert of the conventional com-
bined die. Taking case VII as an example, more than 15.0 %
of the material used for the die insert can be saved.

In cases VIII and VX, the outer diameter of the stress ring
is reduced to 75.0 and 70.0 mm, while the residual stresses
after autofrettage increase. During the working process, the
increase in amplitude of the equivalent stress near the in-
ner surface of the die insert is larger than that of the stress
ring. When the outer diameter of the stress ring is reduced to
70.0 mm, the equivalent stress of the die insert increases to
1280.3 MPa, and is very close to the yield strength of the die
insert. Therefore, the autofrettaged die with a smaller outer-
diameter stress ring can be used to substitute the conventional
combined die, resulting in a material savings. More impor-
tantly, working space can be saved if the outer diameter of the
stress ring can be reduced, especially for multi-stage forging
dies.

5 Conclusions

1. To improve the strength of the combined die, an alter-
native method of designing the combined die was pro-
posed to introduce compressive stresses on the die insert
through the autofrettage process. The analytical solution
for the autofrettage process of a double-layer combined
die was obtained. The relationship between the autofret-
tage pressure and the yield radius of the die insert was
determined, and expressions of residual stresses and
displacements directly related to geometric parameters,
material properties and internal pressure were derived.
This theoretical derivation can guide the design of the
autofrettaged die.

2. A specific case of a double-layer combined die strength-
ened in the autofrettage process was simulated employ-
ing the FE method. In the case of radial residual stress,
the absolute error between simulation and theoretical
values at the interface between the die insert and stress
ring is less than 16.11 %. In the case of the circumfer-
ential residual stress, the absolute error is 5.62–9.49 %.
In the case of the residual displacement, simulation and
theoretical values are the same. The good agreement be-
tween theoretical calculations and FE simulation results
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Table 6. Results for different external diameters of the insert die and stress ring.

Process Stress Position VII VI II VIII VX X

After autofrettage process Radial residual stress (MPa) r1 0 0 0 0 0 0
r3 −138.7 −136.9 −134.7 −131.2 −126.8 −133.3

Circumferential residual stress (MPa) r1 −523.2 −513.0 −503.6 −493.6 −481.0 −384.9
r3 199.5 201.4 202.8 209.4 217.7 201.0

Working process Working pressure (MPa) 900 884.3
Radial stress (MPa) r1 −900.0 −900.0 −900.0 −900.0 −900.0 −884.3

r3 −409.1 −388.7 −369.5 −359.9 −347.9 −364.0
Circumferential stress (MPa) r1 496.3 506.5 515.9 543.7 578.4 616.8

r3 589.4 572.7 557.2 575.4 598.1 549.1
Equivalent stress (MPa) r1 1209.2 1218.0 1226.2 1250.3 1280.3 1300.0

r3 864.7 832.7 802.5 809.9 819.2 790.8

verifies the reliability and accuracy of the theoretical
derivation.

3. In further analysis, nine cases of the combined die
strengthened in the autofrettage process were numer-
ically solved using the theoretical derivation and four
key parameters, namely the ratio of the plastic area and
the yield strength of the die insert and the outer diam-
eters of the die insert and stress ring, and the effects of
the parameters on the autofrettage effect were investi-
gated. For comparison, the relative stresses in the case
of the conventional combined die were solved using the
typical Lamé equation.

4. The circumferential residual stress at the inner diameter
of the die insert increases with the ratio of the plastic
area and the yield strength of the die insert. Taking the
increase in the circumferential residual stress at the in-
ner diameter of the die as an index, it was seen that an
increase in the ratio of the plastic area of the die insert
is more effective than a change to a die material with
higher yield strength.

5. Compared with the conventional combined die, the aut-
ofrettaged die could bear larger working pressure, as
expected. The autofrettaged die with a smaller-outer-
diameter die insert could be used to substitute the con-
ventional combined die, reducing the amount of expen-
sive material required for the die insert. The autofret-
taged die with a smaller-outer-diameter stress ring could
be an alternative design to the conventional die, result-
ing in more working space, especially for multi-stage
forging dies.

Data availability. The FE model data are available in the Supple-
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