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Abstract. Based on bilinear hardening material model, the swage autofrettage technology of steel
sleeve for pump is analyzed. The theoretical calculation formulas of stress, strain, residual stress
and strain and punch thrust of swage autofrettage steel sleeve are derived by the elastic-plastic
analysis. The accuracy of the theoretical formulas is verified by the swage autofrettage
experiment. The result of theoretical calculation is consistent with that of the experiment, and the
process of the second loading does not affect the autofrettage result. The theoretical calculation
formulas can be used to guide the swage autofrettage technology design of the steel sleeve for the

pump.
Keywords: swage autofrettage, steel sleeve, stress and strain, residual stress.

1. Introduction

High pressure plunger pump is widely used in high pressure water jet cleaning, hydraulic
demolition and other fields, more and more manufacturing enterprises begin to design and
manufacture high pressure plunger pump. The mass production of high pressure plunger pump
promotes the rapid development of high pressure water jet technology [1]-[2]. The plunger pump
depends on the reciprocated movement of the plunger in the cylinder, so that the volume of the
sealing working chamber is changed, so as to realize the suction and discharge of liquid [3]. The
steel sleeve is the main load bearing element of the high pressure plunger pump, which is
vulnerable to fatigue fracture. Frequent replacement of the steel sleeve will affect the engineering
efficiency, therefore, it is particularly important to improve the fatigue life of the steel sleeve in
the process of design.

The thick-walled cylinder treated by the autofrettage technology has the merits of well-
distributed stress, low average stress and high fatigue life. Therefore, by using this treatment, the
working stress amplitude of the steel sleeve can be reduced and the fatigue life of the steel sleeve
can be improved [4]-[5]. The swage autofrettage is to use the punch with a certain amount of
interference to extrude the inner wall of the steel sleeve, in order to produce plastic deformation
and generate residual compressive stress.

In the earlier study on swage autofrettage, the calculation of swage autofrettage problem is
based on the formulas of hydraulic autofrettage [6]. The elastic-plastic problem of thick-walled
cylinder is analyzed based on bilinear hardening material model [7]. However, the formulas have
difficulties to solve the actual problem of swage autofrettage of the steel sleeve for the pump. In
addition, the unloading process is considered without reverse yield, the theoretical calculation
formulas could be further simplified so as to solve quickly.

In this paper, based on bilinear hardening material model and considering the elastic unloading
process without reverse yield, the theoretical calculation formulas of stress, strain, residual stress
and strain and punch thrust of the steel sleeve are derived. The swage autofrettage experiment is
designed to verify the accuracy of the theoretical calculation formulas by measuring the outer wall
strain value of the steel sleeve. The result shows that the relative error is less than 10 %. Therefore,
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the value of the theoretical calculation is basically consistent with that of the experiment.
2. Theoretical calculation model and mechanical analysis

The process of swage autofrettage is a space axisymmetric elastoplastic mechanics problem
with moving contact [8]. The theoretical analysis of this kind of problem is very complicated. In
order to solve the problem, the following simplified assumptions should be made:

(1) It is based on the bilinear hardening material model with the same elastic modulus and
hardening modulus for loading and unloading. The material constitutive relation is shown in Fig. 1.

(2) The axial strain at each point on the cross section of the steel sleeve is same.

(3) Biconical cylindrical punch is widely used [9]. Due to the same amount of interference and
the short length of cylindrical section, it is approximately considered that the stress in this section
does not change along the Z-axis, and the elastic-plastic boundary radius is a constant.

(4) If g, is assumed to be intermediate stress, according to the Tresca’s yield criterion, the
material satisfies the yield condition oy — 0z = o and meets the condition oy — oz = 05(1 +

nsf’ ) in the loading plastic zone. In addition, assume that the relationship o, — gz = c* g is valid

in the whole plastic zone ( = El).
ogs1-m
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Fig. 1. Material constitutive relations of bilinear hardening material

In this paper, according to the working requirements of the steel sleeve for the pump, the
following conditions should be met in the process of swage autofrettage of steel sleeve:

(1) The steel sleeve needs to produce a certain plastic deformation in the loading process of
swage autofrettage, but the whole steel sleeve cannot reach a fully plastic state, that is, part of the
section of the outer wall of the steel sleeve does not yield.

(2) The unloading process of the steel sleeve is elastic unloading, and no reverse yield occurs
in this process.

In the elastic-plastic analysis of the steel sleeve for the pump, the steel sleeve can be regarded
as a thick-walled cylinder. Based on the simplified assumptions mentioned above, the stress of the
steel sleeve satisfies the following equilibrium equation:

Rdoyg

dR M

Og = Op +

The strain component can be divided into the elastic part and the plastic part, that is

g =&+ eipj, and the elastic part satisfies the Hooke’s law as follows:
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Ee§ =09 —v(0g + 0,),
Eeg = og —v(a, + 0p), (2
Eef = g, —v(og + ag).

According to the condition of the loading plastic zone, gy — oz = 0'5(1 + r]ef’ ), and the plastic
flow rule in hypothesis Eq. (4), the plastic strain without initial strain can be obtained as follows:

el =0, 3)
e = —¢p. “4)

When the volume incompressibility condition is considered and combined with Eq. (3-4), the
equivalent plastic strain factor can be expressed as follows:

2
e = ﬁf|azgg|. )

If assume that the volume deformation is elasticity, there exists e + €9 + &, = €f + €5 + €5,
which could also be written as follows:

du+u+ _1—21/
dR"RTEZTTE

(og + 09 + 0,). (6)

Substitute into Eq. (1), the equations of the elastic-plastic strain and circumferential plastic
strain of the steel sleeve are obtained as follows:

u (A-2vA+v) D 7
egzﬁzfa,;—vsz+ﬁ, )
du (A-2v)Q+v) dog D
[y —_] - - 8
R TR E (R+RdR) Ve TRz ®
1-v* dop D
eh=eg—ef=— i d_;-l_ﬁ' )

3. Elastic-plastic analysis of loading process

A loading process occurs, when the steel sleeve has an interference contact with the punch. In
this process, the steel sleeve will produce a certain amount of plastic deformation. According to
the condition Eq. (1) based on the working requirements, there will be a part of elastic section plus
a part of plastic section, so assume that R = p is the elastoplastic boundary. At this boundary, the
stress satisfies the continuity condition, in the other words, the equation of the stress of the elastic
zone will be the same with that of the plastic zone.

3.1. Stress and strain of loading process in the elastic zone (p < R < b)

The stress calculation equation of steel sleeve in the elastic zone of loading process can be
obtained from Eq. (1-2) and geometric conditions:

_+ Cz, (10)

C
091=_F+C2, (11)

where, ¢;, ¢, are undetermined constants.
The steel sleeve at the elastoplastic boundary just meets the yield condition. According to the

1 3 0 JOURNAL OF MEASUREMENTS IN ENGINEERING. SEPTEMBER 2021, VOLUME 9, ISSUE 3



STUDY ON SWAGE AUTOFRETTAGE OF STEEL SLEEVE FOR THE HIGH PRESSURE PLUNGER PUMP.
JIAHUI L1U, CHUNGUANG ZHANG, GUANGHENG LIU, SHUAI CHU, SHANGQING LI, JUNFENG ZHANG

Tresca’s yield criterion and the assumption Eq. (4), there is gy — oz = 0, at the elastoplastic
boundary.

At the same time, the radial stress on the outer wall of the steel sleeve should be zero, that is,
there is a boundary condition in the elastic zone of loading process: R = b, op; = 0.

According to the above conditions and the hypothesis Eq. (4), the undetermined constants c;
and ¢, can be obtained and the stress calculation formulas of the steel sleeve in the elastic zone of
loading process is:

2 2
s (P~ P

ORr1 zfs(ﬁ_ﬁ) (12)
o, (p?  p?

o =2 (54 52). (13)
o [ p?

Oz1 = 7S<'Z—2 - 1) + c*o;. (14)

Based on Eq. (2), geometric relations and the above stress calculation formulas Egs. (12-14),
the strain calculation formulas in the elastic zone of loading process can be derived as follows:

as [ p’ p’ .

f1 = 5 |1+ g+ (L= 25 +v(A =209, (13)
o [ 2 2

Er1 =ﬁ -(1 +v)%+(1—21/)%+1/(1—26*)], (16)
o [ p? ,

&1 =5 _(1 — 21/)? —(1-2c )] 17)

3.2. Stress and strain of loading process in the plastic zone (a < R < p)

In the elastic zone of loading process, the plastic strain is zero. The following equation can be
obtained by combining Eq. (9) with the derivative of Eq. (12):
1=
- E

D

asp”. (18)

According to the hypothesis Eq. (4) and Eq. (1), the following equation can be obtained:

dog
R—p = os(1+ne?). (19)

It can be obtained by combining the Egs. (5, 9, 18, 19) as follows:

2

e =p (% = 1), (20)

1
VZE__
n+2(1—v2)65

According to the continuity condition at the elastoplastic boundary, the stress calculation
formulas are derived as follows by integrating the equation, which is obtained by substituting
Eq. (20) into Eq. (19):

where, f =
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1 ,02 R 1 p2

Opy = ﬁ_l +(1—Uﬁ)051n;_§nﬁo's ﬁ_l ) (21)
1 p2 Pz

00 = 505 (55 +1)+ (1 - nﬁ)asln += nﬁas -1), (22)
1 p2 ,02 i

O, =EUS <b—2—1>+(1—nﬂ)ﬂsln;—zﬁﬁ% <F_1 +c o (23)

According to Egs. (7, 8, 17, 18, 19, 21), the strain calculation formulas of loading process in
the plastic zone are derived as follows:

o,(1-2v)p? o,(1+v) p?

gy = S P [2(1 - V) — (1 - 20l o

_ 2 (24)
_O's(1 2212(1+V)(1_ ,8)(1+1np )+—(1—2C)
1—2v) p? 1 p?
e = 2220 B0V vy - - 2l
2 , (25)
Lo 2212(1+V)(1_nﬁ)(1—1n%)+%(1—2c*).

According to Eq. (3), the axial strain of loading process in the plastic zone is the same as that
in the elastic zone as follows:

2

& = ZE 1- 21/) -(1- 20*)]. (26)

3.3. Analysis of the axial force and solution of the undetermined constant c*

The axial force of the steel sleeve is the sum of the force of the cylindrical section of the punch
and the front cone of the punch:

Protar = Pcylinder + Poone- (27)

The resultant force at the end of the cylindrical section of the punch can be expressed as follows:

b
Ptotal = 27‘[J- O-ZRdR. (28)

as

The resultant force of the cylindrical section of the punch is composed of the resultant force
of friction:

Pcylinder = 27ta5hfp2, (29)

where, p, = %05 (1 — —) + (- nﬁ)asln— += nﬁ’as( o 1).

The resultant force of the front cone is composed of the pressure and frictional force:

as ) 2nr
Peone = L (p1sina + fp;cosa) sina dr, (30)
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where, p; = - EO‘S (Z—z - 1) +(1- nﬁ)aslng - %nﬁas (Z—z— 1)]

1-ftana
Substituting Eqgs. (28-30) into Eq. (27), the expression of ¢* is obtained as follows:

L1 1+ fcota p B B B __1
T {ftana [ (bz +np 1) (a3 —a*) + (1 —np) (asln P 2‘15)

c
2 - Lg 2] 4 205 rn [ (1 -2 In2
- mnm (g - 3a) a2 o ‘b—z)”l‘”ﬁ“a—s 61
1 2 1/p?
T B A AR
) p
—np(as + pz)lna—a]}.

4. Elastic-plastic analysis of unloading process

According to the condition Eq. (2), the unloading process of the steel sleeve is elastic
unloading, and no reverse yield occurs in this process [10].

4.1. Stress and strain of unloading process

According to Egs. (1-2) and geometric conditions, the following equations can be obtained:

C
O-R’ = R_lz =+ C2’: (32)
C !
0'9’ = —R—12-|- CZ" (33)

where, ¢;’, ¢, are undetermined constants.

According to the mechanical analysis, the stress of unloading process at the inner wall of the
steel sleeve should be equal to that of the loading process, that is, 0z |g=q5 = —0g2|g=q- There is
a boundary condition that the radial stress on the outer wall is zero, o’ |g=;, = 0. From the above
conditions, the stress calculation formulas are derived as follows:

S L ag | 34)
Or = R2 bz — O'Rz R=a (

. (b? _ay
O = ﬁ"‘ 1 b2 0R2|R @ (35)

1 b o 1
"= 2mRdR 2mRdR| = —2 |- Z(1-P )2 -
oy 27—y Ua 0,,2mRd +Jp021 nRd ] b= a,? 2( >(b a?) 56

1
+a2InE —npin® (@ +p7) =S (07 - @) + ¢ (b7 — @) + 1B (o7 - aZ)],

1 2
where, 0, |g=q = 05 (— - 1) +(1- nﬁ)osln% — 5 nBos (Z_Z - 1).
According to Eq. (2), geometric relations and the stress calculation formulas Eq. (34-36), the
strain calculation formulas are derived as follows:
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, b2 _ai b? _ai
€ _E 5 t+1 b2 — 0'R2|R a—V|— ﬁ_l b2 — UR2|R a

as 1 pz p
. — 1—— 2 2 21 - _ l— 2 2 37
t [ 2( )(b ) +aInE —npinE (a2 + p?) (37)

P a6 — ) + (et - aZ)]]},

Y (Y A . S | “§ |
SR_E R? hZ — § R2lR=a —V R2 b2 — JR2Ra

s PN o 21n P _ Pia? + o2 38
+b e [ 2(1 >(b a)+alna nﬂlna(a + p%) (38)

-3 (p2 —a?) 4+ c*(b* — a®) +np(p* - az)”}-
sz’=l{L[ ;(1——2)(b2—a2)+a21n3—n[31n (a? + p?)

b2 — 2
“ (39)

aZ
__(P —a?) + c*(b* — a®) + np(p? —az)]—va — a2 O-RlR a}
s
4.2. Residual stress and strain and radial residual expansion

The residual stress of the steel sleeve with autofrettage is equal to the difference between the
stress of loading and unloading process:

c"=0+0 (40)

The residual strain is equal to the difference between the strain of loading and unloading
process:

eT=¢e+¢. (41)

The radial residual expansion of the steel sleeve is the difference between the displacement of
the inner wall of the steel sleeve of loading and unloading process:

=Uq — ua§’ =a- 892|R=a —as- 86’|R=a(g- (42)

Substituting the Egs. (24, 37) into Eq. (42), the radial residual expansion of the steel sleeve
can be derived.

4.3. Circumferential resultant stress of the steel sleeve in working condition

Under working condition, the steel sleeve bears pulsating pressure and the circumferential
resultant stress of the steel sleeve with autofrettage is composed of the working stress and residual
stress [11] as follows:

z Gp = GgP + 0. (43)

According to the Lame formula, the circumferential stress on the inner wall of the steel sleeve
(R = a,) caused by working pressure can be expressed as follows [12]:
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2

1+5%
o5 =p—L (44)
1-pt

In the above equation, a, is the radius size of the inner wall of the steel sleeve with autofrettage.
It can be derived by the following formula:

a,=a+u". (45)

Substituting Egs. (22, 35) into Eq. (40), the circumferential residual stress of the inner wall of
the steel sleeve with autofrettage can be obtained as follows:

09" = 0gzlr=q t 0'6'|R=a§- (46)

Substituting Egs. (44, 46) into Eq. (43), the circumferential resultant stress can be derived. If
the size of the steel sleeve with autofrettage and the circumferential resultant stress are known, the
size of the steel sleeve before autofrettage and the punch will be obtained by substituting the
equations of the swage autofrettage theory. Thus, the equations of the autofrettage theory can be
used as a reference for the design of swage autofrettage of the steel sleeve for the pump.

5. Punch thrust

The rear cone angle of the punch is approximately equal to the frictional angle, so the influence
of the rear cone angle on the punch thrust can be ignored:

as ) 2nr
F, = f (pysina + fp,cosa) ——dr + 2mashfp,. 47)
a sina

The punch thrust can be obtained from the equilibrium condition of the axial force of the punch
as follows:

2

1 p p 1 (p?
Fe=2Zmashfos |5\ 1—%3 +(1—nﬁ)lna—6+§nﬁ =1
S5

1+ fcota)o [1 (p? 1
+n(ftar{+al)a[ <'Z—2 +np — 1) (a3 —a®)+ (1 —np) (aﬁln% - Eaﬁ) (48)

2
—(1-np) (azlnE - la2) +np 2lni]
n 0 2 npp asl’
6. Example calculation and experimental analysis of swage autofrettage

6.1. Design of swage autofrettage experiment of the steel sleeve and data processing

In order to verify the accuracy of the theoretical calculation formulas, a swage autofrettage
experiment of the steel sleeve for the pump was designed in this paper. The experimental steel
sleeve was made of 304 stainless steel and the experimental punch adopted the form of biconical
cylinder with 15-5PH material. In this experiment, the circumferential strain of the outer wall of
the steel sleeve was measured to be compared with the theoretical calculation value.

The front cone angle of the punch is usually designed as 1.5 degrees [13]-[15]. If the angle is
too large or too small, the punch thrust will increase. In this paper, the biconical cylindrical
experimental punch was composed of a front cone angle of 1.5 degrees and a rear cone angle of 3
degrees. The structure diagram of the experimental punch was shown in Fig. 2. The structure of
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the experimental steel sleeve simulated the steel sleeve for the pump with the structure of stepped
hole. The structure diagram of the experimental steel sleeve was shown in Fig. 3. The processing
surface of the steel sleeve was at the place where the diameter was larger, the punch could not
pass through the stepped hole. Therefore, there were two processes in this experiment, which were
the punch pressing in and exiting from the same side of the steel sleeve.

The swage autofrettage experimental device was designed by taking advantage of the pressure
experimental platform, as shown in Fig. 4. A four-channel strain gauge was used to collect the
strain of the outer wall of the steel sleeve. The strain gauge was attached to the outer wall surface
of the experimental steel sleeve every 90 degrees and every 30 mm from the top of the steel sleeve.
The cylindrical coordinate system was established with the center of the upper end-face of the
steel sleeve as the origin and the Z-axis positive direction from the top to the bottom. The four
data collection points could be expressed as (40, 0, 0) (40, 90, 30) (40, 180, 60) (40, 270, 90) from
the top to the bottom in cylindrical coordinate system.

Fig. 2. Structure diagram of the experimental punch

|
|
|
|
|
|
|
|
|
929.94
P8O

Fig. 3. Structure diagram of the experimental steel sleeve

After data processing, the time-strain curve graph was shown in Fig. 5. The four data collection
points from the top to the bottom were strain 1 to strain 4 in turn.

e strain 1
----strain 2
strain 3
—-— strain 4

350 41N,

300 4

250
2004/ \
150 4 ;’ 2

100 / ’ [T P PO

50 41 /s

0 L
0 05 1 15 2 '

Flg 4. Swagé autofrettage experimental platform Fig. 5. Time-strain curve of experimental test

6.2. Finite element analysis
According to the size and material of the punch and steel sleeve in the swage autofrettage
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experiment, the material of the punch and the steel sleeve were set as 15-5PH and 304 stainless
steel respectively in finite element analysis. The mechanical property parameters of 304 stainless
steel and 15-5PH material were shown in Table 1.

The plane axisymmetric model was used and it was meshed as shown in Fig. 6. The
displacement constraint was applied to one end of the steel sleeve, at the same time, two loading
steps were applied to the punch, pressing in and exiting respectively.

Table 1. Mechanical property parameters of 304 stainless steel and 15-5PH material

Parameters Value | unit
Elastic Modulus of 304 (E) 193000 | MPa
Elastic Modulus of 15-5PH (E,,) | 198000 | MPa
Poisson ratio of 304 (v) 0.3
Poisson ratio of 15-5PH (v,,) 0.272
Yield strength of 304 (ay) 250 MPa
Hardening coefficient of 304 (m) | 0.1762
Friction coefficient (f) 0.05

i

18

il

Fig. 6. The finite element model

The time-strain curve graph of the steel sleeve at the four data collection points were shown in
Fig. 7. The circumferential residual stress of the steel sleeve in the inner wall varied along the axis
as shown in Fig. 8 and the average value from the position of the first data collection point to the
fourth data collection point was — 295 MPa.

e
450
400
350
300 { ’,’l

250 _".' ’*”!“*-
200 {1} '\
150 ' / \
100 ::" i

50 4 /

[ A

strain 1

----strain 2

strain 3

—-— strain 4

0 0.5 1 1.5

Fig. 7. Time-strain curve of finite element analysis

a/Mpa

-200
-250

-300 k

-350

0

30 60 90 X

Fig. 8. Circumferential residual stress of the steel
sleeve along the axis
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6.3. Theoretical calculation and relative error analysis

When there is the condition R = b, substituting Egs. (15, 37) into Eq. (41), the circumferential
residual strain of the outer wall of the steel sleeve can be derived as follows:

2 2
9. P R 1 2a;
€9r=ﬁ[(2—v)ﬁ+v(1—2c )]_E{_bz_a§UR2|R:a
Is 1 P N2 o 21, P P, )
bz — 2| 2\ T2 - P = 49
v[bz—asz[ 2(1 b2>(b a)+alna nﬁlna(a + p?) (49)

—%(p2 —a?) 4+ c*(b* — a®) +np(p* - az)”}-

Based on the size and material parameters of the experimental punch and steel sleeve and
according to the theoretical calculation formulas Eq. (49), the theoretical calculation value of the
residual strain on the outer wall of the steel sleeve is 34010,

The following conclusion can be found through comparing the time-strain curve of
experimental test and finite element analysis:

(1) The time-strain experimental curve of the top three data collecting points appear two peaks,
that is because there are two processes, pressing in and exiting from the same side. Therefore,
there will be two loading processes except of the fourth data point. Since it only occurs elastic
deformation in the second loading process, the residual strain after the second loading process is
the same with that of the first process.

(2) The time-strain curve of the fourth strain point does not appear two peaks and the strain
value is significantly lower than the other three points, that is because the cylinder section of the
punch does not reach the fourth strain point in the experiment. The residual strain is smaller due
to the smaller amount of interference.

(3) The strain value of the first point is larger, that is because this point is close to the edge of
the steel sleeve where the constraint is less.

(4) The trend of the experimental curve is the same as that of the finite element curve, and the
values are close. Therefore, both of the experimental value and the finite element value are reliable
and can be used to judge the accuracy of the theoretical calculation method.

3 T ——— finite element analysis value

450

experimental test value

----- theoretical calculation value
400

350

300

200

150

100

50

o L
0 0.5 1 1.5 2 t

Fig. 9. Time-strain curve of theoretical calculation, finite element analysis and experimental test

Based on the above conclusions, considering that the effect of the end restraint is ignored in
the theoretical calculation model and the first and second data collection points are close to the
end of the steel sleeve, the third data collection point is the most consistent with the theoretical
calculation model. Therefore, the time-strain curve of theoretical calculation and finite element
analysis at the third point are selected to compare with the theoretical calculation value. Because
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the theoretical calculation result is the value of residual strain, the theoretical calculation value is
a time-independent constant. The time-strain curve of theoretical calculation, finite element
analysis and experimental test are shown in Fig. 9.

Based on the curve above, the relative error of theoretical calculation and experimental test is
about 1.5 %, and the relative error of theoretical calculation and finite element analysis is about
5 %, so the value of theoretical calculation is consistent with the experimental test and finite
element analysis. Therefore, the theoretical calculation method can be applied in engineering
practice.

When there is the condition R = a, substituting Eqs. (22, 35) into Eq. (40), the circumferential
residual stress of the inner wall of the steel sleeve can be derived as follows:

. 2b2 1 p? Rl 2a5 [1 1 P’
Oy Z—bz_a(% Eo'sﬁ‘l'(l_rlﬁ)o—sln; _rag Eo—s-l—znﬁo—s ﬁ_]‘ ) (50)

Based on the size and material parameters of the experimental punch and steel sleeve and
according to the theoretical calculation formulas Eq. (50), the theoretical calculation value of the
residual stress on the inner wall of the steel sleeve is —260 MPa.

It is difficult to measure the residual stress on the inner wall of the steel sleeve by the existing
residual stress measurement methods, so the finite element result can be used to judge the accuracy
of the theoretical calculation method. Compared with the average value of finite element analysis,
the relative error is about 10 %, so the value of theoretical calculation is basically consistent with
the finite element analysis.

The causes of the error between theoretical calculation and finite element analysis are as
follows:

(1) The theoretical calculation model ignores the effect of the end restraint.

(2) The theoretical calculation model is based on semi-infinite space.

Both of the theoretical analysis and the experimental results show that the plastic deformation
of the steel sleeve occurs during the loading process, and the elastic unloading occurs during the
unloading process. The residual compressive stress is generated on the inner surface of the steel
sleeve at the position where the punch passes. In the punch exiting process, the size of the punch
does not change, so the steel sleeve in this process does not produce plastic deformation, and it
will not affect the results. It can be seen from the experimental curve that the residual strain value
after the punch exiting process is the same with that after the first loading process. Therefore, the
above theoretical calculation method of swage autofrettage of the steel sleeve for the pump can be
the reference of the design.

7. Conclusions

In this paper, the theoretical research and experimental verification of swage autofrettage of
the steel sleeve for the pump are carried out, and the following conclusions are drawn:

1) A set of theoretical calculation formulas of swage autofrettage of the steel sleeve for the
pump are obtained through elastic-plastic analysis, and the accuracy of the formulas is verified by
the experiment. This set of formulas is simple and can be used to guide the swage autofrettage
process of the steel sleeve for pump.

2) The theoretical calculation formula of the punch thrust is obtained through mechanical
analysis. It can be the reference for engineering application.

3) There are two processes of swage autofrettage of the steel sleeve for the pump, the punch
pressing in and exiting from the same side. The theoretical analysis and experimental results show
that it is elastic loading during the exiting process, so it will not affect the swage autofrettage result
and the theoretical calculation formulas are still valid.

4) If the size of the steel sleeve with autofrettage and the working pressure is known, according
to the stress requirement in the inner wall of the steel sleeve, the size of the steel sleeve before
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autofrettage and the punch will be obtained by substituting the equations of the swage autofrettage
theory. Thus, the equations of the autofrettage theory can be used as a reference for the design of
swage autofrettage of the steel sleeve for the pump.
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