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INTRODUCTION

To increase the maximum pressure a cylinder can contain without plastic
deformation and to enhance its fatigue life, residual stresses are often pro-
duced in cylinders through autofrettage (ref 1). Many solutions have been
reported for the hydraulic autofrettage process (refs 2-6). The thick-walled
cylinders were subjected to uniform internal pressure of sufficient magnitude to
cause plastic deformation and then the pressure was removed.

A more economical way of producing residual stresses in thick-walled cylin-
ders is the swage autofrettage process. This process is carried out by a swage,
the diameter of which is greater than the inner diameter of the cylinder. This
swage is driven through the cylinder from one end to the other. A rigorous
analysis of this process is difficult. In this report a simple analysis of the
swage autofrettage process is presented. The swage mandrel and the cylinder are
made of tungsten carbide and steel, respectively. A two-dimensional plane-
strain analysis is used to determine the contact pressure at different locations
of the cylinder as a function of interference. The deformation and stress
distribution during autofrettage are obtained. At the end of the autofrettage

process, the permanent bore enlargement and residual stresses are calculated.

ELASTIC SWAGING

The swage mandrel is assumed to be a short cylindrical bar driven through a
long thick-walled cylinder from one end to the other. The dijameter of the
mandrel (2c) is a constant, but the inner and outer diameters (2a and 2b) of the
tube are variables. When the difference hetween ¢ and a is positive, we have

interference I. For small values of interference, the stress state in the

References are listed at the end of this report.
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swaging assembly is elastic. The stresses and displacement in the tube are

I
r R < S [§f z 2 ]
g 1 - az/p2 "ph? r2
E aZ 2
g = i-9455755 ((1+v) -3 + (1-v-2v2) 35] (1)
and in the mandrel
Opr = 0g = -p
u/r = -(1-v1-2v12)p/E; (2)

where E, v, and Ej, vy arc the material constants of the tube and mandrel,
respectively. At the interface, uy (tube) - uy (mandrel) = I by the com-
patibility requirement. The interference pressure p is a function of the inter-

ference 1 given by

. EI
P=a

(1 - 22)/0(140) + (1-v-2v2) 22 4 , az
" bt v b2 (1-vq-2v92)(1 - 55)E/E1] (3)

For sufficiently large values of the interference, the stresses in the tube

reach the yield limit. Assuming that Tresca's yield condition governs the

behavior of the material, the tube first becomes plastic at the interference
when the stresses satisfy oy - g = 0,5, where oy is the initial tensile yield
stress. The solution for the critical interference pressure to cause incipient
plastic deformation is

p* = % 045 (1 - a?2/b?) (4)
and it follows from Eq. (3) that the interference for the onset of plastic flow
s

I1* =

m Q

22 )+ (1mv-202) B2 4 (1-vp-20p0) (1 - 20)E/E) (5)

which reduces to I* = (1-v?) a 0,/E for the special case (Ej = E, vy = v).
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SWAGING BEYOND THE ELASTIC LIMIT :&
For values of interference larger than that given by Eq. (5), a plastic F’
9
zone forms in the tube, so that for a € r < p the tube is plastic, while for p < ol
r < b the tube material is still in an elastic state. The elastic-plastic 35
Ny
»
interface radius p is a function of the interference I. o~
We assume that the steel tube is elastically-ideally plastic, obeying ;,
Py’
Tresca's yield criterion and the associated flow theory, but the tungsten car- ﬁ;
e
bide mandrel is elastic. This assumption is justified because the strength -
®
ratio of tungsten carbide to steel is about three. For lcading beyond the ;{V
(%o
elastic 1imit, the closed-form solution has been found by Koiter (ref 2). The :
)\.
expressions for the stresses and displacement in the tube are >
ar./ao 2 :’:'
= %(F 1+ g;) -log & , in(a<r <p) (8) o
09/00 r :’-
X
ar‘/oo pz pz ] EA)
=%(5- 78 , din(o<r ¢ (1) )
09/0 b r '
o :5.
E_ Yo (1-20)(14v) F 4 (1-v) €2 (8) o
oo T % re L
5]
where the elastic-plastic interface p is related to the internal pressure p by .‘\
N
P/0s = %(1 - p2/b2) + log(p/a) (9) )

For swaging beyond the elastic limit, the compatibility requires u, (tube) - ug

(mandrel) = I at the interface, i.e

AR, B

- ¢ﬁ
o
E_ 1 _ (1-p2y 2 _ P (1 - (1- 2y E R
oo a - (1-v2) at "o [(1-2v) (1+v) (1-vq-2v92) £ ] (10) o
Equations (9) and (10) give us a parametric representation of relating p to I E:
through the parameter p. The contact pressure at different locations can thus .iJ
h S
be determined as a function of the interference 1. :
AN
2
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UNLOADING ANALYSI1S oy
Mg

After swaging, the permanent bore enlargement and residual stresses can be ~
calculated by an unloading analysis. Let a double prime denote a component in - ?'«
3
the residual state, i.e., 0g" = 09 + 0g'. Assuming elastic unloading, the solu- :
)
. A

'
tion is given by W)
op' K,
= ____E_._.._ + t.?f - N
B ST (1) e

Jg (‘\
]
: .

Eu'/r = - [(1-v) + (1+v)b?/r2]p/(b2/a2-1) (12) _
0
In a recent paper (ref 6), this author presented a more rigorous elastic- ; :
h
plastic unloading analysis based on a new theoretical model considering the “
W]

Bauschinger and hardening effects during unloading. This mode is a very good ®
o
\J
representation for the material behavior of the high strength steel used in gun o
A
tubes (ref 7). Taking into account the Bauschinger effect (f) and the strain- ﬁ.ﬂ
-"~

hardening during unloading (m'), we have obtained a closed-form solution. On -
o
unloading, yielding will occur for a € r < p' with p' < p. The stresses in the :C-
o~

vl'._

reverse yielding zone (a € r < p') are given by :?
AT
Or'/0o = P/Og - %B2'(1+F)(p'/a)2(1-a%/r2) - (1-B2')(1+f)log(r/a) (13) :

&

99'/0o = 0r'/0o = (1+f)[1 + B2'(p'2/r2-1)] (14) e

where '
Y3 (1-m') "

] - - ] 1 e __:T__ 1 - ] 1 - ! .

51 = (1-m")/[m" + 3 (I-UZ)] » B2 =g/ (1-m") (15) ;.;

The stresses in the elastic zone (p' < r < b) are :ﬂ_

gr'/0g .
= %(1+f)[x (p'/r)2 - (p'/b)?] (16) 'r.

gg'/0
e (o} 7 ;-&
The displacement for the entire tube (a ¢ r <€ b) is ¢
(Eog)u'/r = (1-2v) (14v)(0p'/0g) - (1-v2)(1+f)(p'/r)? (17)
4
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The residual stresses and displacement are found by addition

or" =0op +0p' , 0g" =09 +0g' and u" =u + u' (18)

NUMERICAL RESULTS AND DISCUSSION

S L S te it e s A 4 AN

The material constants used in the calculations are E = 206.84 GPa, v =

<

1% {‘\

0.3, 05 = 1.29 GPa, m' = 0.3 for the high strength steel, and E; = 610.19 GPa,

V1 = 0.258 for the tungsten carbide mandrel. The radius of the mandrel is a

\,
constant ¢ = 58.42 mm, but the thickness of the tube varies along the axial ég{
direction with the inner radius (a) increasing siight1y and the external radius :f
(b} tapering more rapidly. The values of a and b at four typical sections are %:
aj = 56.96, 57.82, 57.99, 58.63 mm and bj = 157.50, 106.75, 83.00, 83.00 mm, for Q:

P4

j =1,2,3,4, respectively. The corresponding values of wall ratio are bj/aj =

I;F. | T4

2.765, 1.846, 1.431, 1.42 at four sections. The interference during swaging (I)

z-._®

0,
is the positive difference between ¢ and a. The values of I at four sections ~}
are Ij = 1.46, 0.60, 0.43, -0.21 mm for j = 1,2,3,4. The negative value of I4 g'
means that there is no contact between the mandrel and the tube. For the posi- ?ﬁf
tive values of interference, the contact pressure and the stress distribution g;

R

during swaging can be obtained using the methods presented previously in this

o

report. The information after swaging can be obtained by the unloading analysis

also presented previously.

The numerical results are presented in terms of the dimensionless quan-

tities defined by

r=r/a , ps= p/0gy 59 = 0g/0¢

I

(E/og)l/a , u = (E/og)u/a , etc. (19)

The contact pressure (5) and hoop stress (59) at the interface are presented as

P L L

functions of the interference (T) in Figures 1, 2, and 3 for wall ratios b/a =

XSS 1T NN S N AN MW AAS NSNS T® Vo
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2.765, 1.846, 1.431, respectively. The results for swaging within and beyond ':

the elastic limit are included. The pressure is a monotonous increasing func- 5&1

i tion of the interference, but the maximum value of hoop stress occurs at the glf

i onset of plastic flow as shown in the dotted curves. Initial yielding occurs at Eﬂ

T* = 0.774, 0.799, 0.830, and fully plastic flow occurs at I** = 6,638, 2.909, 'Z_

1.751 for three different wall ratios, respectively. The actual values of 5y

"~

interference (I) at the three chosen sections are El = 4.10, fz = 1.66, 33 = E%'

1.19. These values indicate that swaging is partially plastic at these sections iﬁ_

in zones 1, 2, and 3. The corresponding locations of elastic-plastic boundary :ﬂ

are given by p/a = 2.2001, 1.4196, 1.19205, and the amounts of overstrain are ;;

!

68, 49.6, and 44.6 percent, respectively. Also shown in Figures 1, 2, and 3 are E;

the values of contact pressure (E = 0.972, 0.555, 0.671) and the hoop stress at ! 

i

the interface 59 =1~ 5. The distributions of hoop stresses during swaging are 'yg

shown in Figure 4 for typical sections 1in three zones. The maximum value of fﬁ;

hoop stress occurs at the elastic-plastic boundary. The information for the 351

o

displacement and stresses after swaging can be obtained by an unloading anaiy- fﬁ’

sis. The distributions of residual hoop stresses are shown in Figure 5 for the ?53

chosen sections in three zones. Elastic unloading analysis is justified in zone ;}

3, but reverse yieldings occur in zones 1 and 2 with p'/a = 1.305 and 1.014, E;

respectively. Finally, the distributions of residual displacements (G") at r:

typical sections in three zones are presented in Figure 6. Also shown in this R

figure are the experimental data at the bore. The agreement between the calcu-

v,'-r.‘ “;:, s 3

Y

lated and experimental data is excellent in zone 1, but not so good in zones 2

and 3. This suggests that a more refined analysis is needed for sections with ?ﬁ
smaller wall ratios. An investigation based on the finite element method is ‘Ed
Uy
being conducted and the results will be reported in the near future. EW
e
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A:-::
I)‘.
NO. OF NO. OF ®
COPIES COPIES o
e
ASST SEC OF THE ARMY COMMANDER f’.
RESEARCH AND DEVELOPMENT ROCK ISLAND ARSENAL . $
ATTN: DEPT FOR SCI AND TECH 1 ATTN: SMCRI-ENM 1 Nt
THE PENTAGON ROCK ISLAND, IL 61299-5000
WASHINGTON, D.C. 20310-0103 o
DIRECTOR !
ADMINISTRATOR US ARMY INDUSTRIAL BASE ENGR ACTV 5,2
DEFENSE TECHNICAL INFO CENTER ATTN: AMXIB-P 1 o
ATTN: DTIC-FDAC 12 ROCK ISLAND, IL 61299-7260 3;@
CAMERON STATION
ALEXANDRIA, VA 22304-6145 COMMANDER dﬁ
US ARMY TANK-AUTMV R&D COMMAND } &
COMMANDER ATTN: AMSTA-DDL (TECH LIB) 1 o
US ARMY ARDEC WARREN, MI 48397-5000 &
ATTN: SMCAR-AEE 1 AN
SMCAR-AES, BLDG. 321 1 COMMANDER P
SMCAR-AET-0, BLDG. 351N 1 US MILITARY ACADEMY 1 =3
SMCAR-CC 1 ATTN: DEPARTMENT OF MECHANICS -
SMCAR-CCP-A 1 WEST POINT, NY 10996-1792 ﬁz'
SMCAR-FSA 1 p~-
SMCAR-FSM-E 1 US ARMY MISSILE COMMAND +o ]
SMCAR-FSS-D, BLDG. 94 1 REDSTONE SCIENTIFIC INFO CTR 2 Y
SMCAR-IMI-I (STINFO) BLDG. 59 2 ATTN: DOCUMENTS SECT, BLDG. 4484 oy
PICATINNY ARSENAL, NJ 07806-5000 REDSTONE ARSENAL, AL 35898-5241 N
DIRECTOR COMMANDER r Y
US ARMY BALLISTIC RESEARCH LABORATORY US ARMY FGN SCIENCE AND TECH CTR 3:1
ATTN: SLCBR-DD-T, BLDG. 305 1 ATTN: DRXST-SD 1 .
ABERDEEN PROVING GROUND, MD 21005-5066 220 7TH STREET, N.E. N
CHARLOTTESVILLE, VA 22901 oS
DIRECTOR ?&
US ARMY MATERIEL SYSTEMS ANALYSIS ACTV COMMANDER RS
ATTN: AMXSY-MP 1 US ARMY LABCOM St
ABERDEEN PROVING GROUND, MD 21005-5071 MATERIALS TECHNOLOGY LAB (3
ATTN: SLCMT-IML (TECH LIB) 2 KR
COMMANDER WATERTOWN, MA 02172-0001 @yf
HQ, AMCCOM e
ATTN: AMSMC-IMP-L 1 a5
ROCK ISLAND, IL 61299-6000 “
T.“.‘
£
NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING ’ ;2*
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL, R
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES. s
J'v o A'o‘.’*'u "n"'n. u." ) (X N2 l.."! 0'."!.' . , 'o % o¢ "'F'r l’;l‘.l‘ng. v .l‘.t -l"l.. ». .‘."c p in ' . al -l‘. 0
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TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST {CONT'D)

NO. OF NO. OF
. COPIES COPIES
COMMANDER COMMANDER
. US ARMY LABCOM, ISA AIR FORCE ARMAMENT LABORATORY
ATTN: SLCIS-IM-TL 1 ATTN: AFATL/MN 1
2800 POWDER MILL ROAD EGLIN AFB, FL 3J2542-5434
ADELPHI, MD 20783-1145
COMMANDER
COMMANDER AIR FORCE ARMAMENT LABORATORY
US ARMY RESEARCH OFFICE ATTN: AFATL/MN
ATTN: CHIEF, IPO 1 EGLIN AFB, FL 32542-5434 1
P.0. BOX 12211
RESEARCH TRIANGLE PARK, NC 27709-2211 METALS AND CERAMICS INFO CTR
BATTELLE COLUMBUS DIVISION
DIRECTOR 505 KING AVENU
US NAVAL RESEARCH LAB COLUMBUG, OH 43201-2693 1
ATTN: MATERIALS SCI & TECH DIVISION 1
CODE 26-27 (DOC L1IB) 1

WASHINGTON, D.C. 20375

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
. WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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