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INTRODUCTION

To increase the maximum elastic carrying capacity and to enhance the
fatigue life, residual stresses are often produced in tubes through autofrettage
(ref 1). Many solutions are reported for the hydraulic autofrettage process.
The thick-walled cylinders are subjected to unifotrm internal pressure of suf-
ficient magnitude to cause plastic deformation and then the pressure is 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
mandrel, the diameter of which is greater than the inner diameter of the tube.
The mandrel is driven through the tube from one end to the other. A rigorous
analysis of this process is difficult., However, recently a simple analysis of
the swage autofrettage process was reported (ref 2). The model used was a
simplified plane-strain problem of the mandrel-tube assembly. The steel tube
was assumed to be elastically-ideally plastic, obeying Tresca's yield criterion
and the associated flow theory, but the tungsten carbide mandrel was elastic.
The deformation and stress distribution during swaging were obtained by solving
the shrink-fit problem beyond the elastic limit. After swaging, the permanent
bore enlargement and residual stresses were calculated by an unloading analysis
(ref 2), taking into account the Bauschinger effect and the strain-hardening
during unloading (ref 3).

The solution reported in Reference 2 is in closed-form and the numerical
results indicate that the agreement between the calculated and experimental data
is excellent in zones with larger wall ratios but not so good in zones with wall

ratios less than two. The differences in thinner sections may be due to the

References are listed at the end of this report.
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lTongitudinal bending effect since the simplified analytical analysis is one-
dimensional and bending is neglected. In order to determine the longitudinal
effect, a two-dimensional analysis based on the finite element method has been
conducted. In this report, the finite element solutions are presented for both

one- and two-dimensional models and a comparison of the results is given.

METHOD OF ANALYSIS

Since the total length of che tube is about sixty times the diameter of the
mandrel, a complete finite element analysis of the swage autofrettage process is
very difficult. As the mandrel is driven through the tube from one end to the
other, the simulation requires the study of elastic-plastic moving contact and
separation history between two deforming bodies. In addition, considerable
amounts of computer storage and run time are required. In the present study,
however, approximate finite element models were chosen to represent swaging in
only a part of the tube (zone 3). We consider the process as quasi-static and
neglect the effect of sliding and friction between the mandrel and tube. We
want to obtain the information about the deformations and stresses for a section
at only two particular stages, i.e., when the mandrel is at or far away from the
position of interest. To achieve this purpose, we can simplify the simulation
by studying two related problems, i.e., shrink-fit and complete unloading.

When the mandrel is at the position of interest, we consider a shrink-fit
problem of the mandrel-tube assembly to obtain the maximum deformation and
stresses during swaging. When the mandrel is driven far away from the section,
we study it as a complete unioading problem of the mandrel-tube assembly to
obtain the information about the permanent bore enlargement and residual

stresses after swaging. Figure 1 shows a one-dimensional interference-fit




problem of the mandrel-tube assembly. Initially, the inner and outer radii of
the tube are a and b and the radius of the mandrel is c. Given the interference
I = c-a, we can determine the interference pressure p and the deformation and
stresses in the mandrel and tube. In general, this problem can be solved only
by an iterative approach. If the mandrel were rigid, then the direct approach
using displacement constraints could be applied. The results based on this
approach were obtained so we could discuss the effect of elasticity in the
mandrel. The actual strength ratio of tungsten carbide to steel is about three.
For the probliem considered here, it is reasonable to assume that the steel tube
is elastic-plastic, obeying Mises' yield criterion and the associated flow
theory, but the tungsten carbide mandrel remains elastic. The finite element
analysis is carried out by using the nonlinear program, ABAQUS (ref 4). Two
types of elements used are shown in Figure 2. The axisymmetric solid elements
(CAX4) are used to model the tube and mandrel. The interface elements (INTER2A)
are used to model the separation or interference fit between the mandrel and
tube. Truss elements (CID2) can also be used to model the mandrel because the
displacement Uy is directly related to the external pressure p by

Ui/c = -(1-v1-2v12)p/E

where Eq, v{ are elastic constants of the mandrel.

FINITE ELEMENT MODEL

Figure 3 shows a two-dimensional finite element model (E3) chosen to repre-
sent the swaging process in zone 3. The model is considered symmetric with
respect to z = 0 so that only half of the model is shown. We have used 133 and
21 elements of type CAX4 to represent the tube and mandrel, respectively, with

a=1, b=1.431, ¢ = 1.007415. There are eight interface elements of type




INTER2A to represent the interaction between the tube and mandrel. Figure 3a
shows an interference-fit problem of the mandrel-tube assembly. This model is
used to determine the maximum deformation and stresses during swaging. Figure
- 3b shows a complete unloading problem when the two parts are separated. This
problem is used to determine the permanent deformation and residual stresses
after swaging. In order to determine the longitudinal bending effect, we would
like to compare the two-dimensional analysis with the one-dimensional analysis.
The one-dimensional model (El) consists of ten elements (of type CAX4) each for

the tube and mandrel with one interface element (of type INTER2A). Another one-

dimensional model (E2) has the mandrel represented by one or two truss elements
of type CID2. The material constants used are E = 200, 05 = 1, v = 0.3 for the
high strength steel and E; = 590, 0y = 3.33, vy = 0.258 for the tungsten car-
bide. The materials exhibit no strain-hardening. In the modeling and com-
putation we have used the dimensionless quantities with the inner radius (2.283
inches) as the unit length and the initial yield stress (150 Ksi) as the unit
stress. The actual quantities can be obtained easily if needed.

In the above three models (E1, E2, E3), the tube is elastic-plastic, but
the mandrel remains elastic. If the strength ratio of the mandrel material to
tube material is very large, then the mandrel can be regarded as rigid. In
order to determine the effect of elasticity in the mandrel, we have chosen three
finite element models (R1, R2, R3). Models R1 and R2 represent one-dimensional
plane-strain and plane-stress cases, respectively. We have used ten elements of

type CAX4 to represent the tube. The model R3 is the same as the model E3 shown

in Figure 3 except that the mandrel is replaced by a rigid block.
Following the instructions given in Reference 4, we have prepared the input A j

data for each of the six finite element models. For each model we ran the




problem in two steps, i.e., loading and unloading. The input deck for the

finite element analysis of model E1 is shown in Table I.

RESULTS AND DISCUSSIONS

For each of the six models (R1, R2, R3, El1, E2, E3) discussed in the pre-

ceding section, we have run the finite element program successfully. The
numerical results for the displacements, strains, and stresses in the tube
during and after swaging have been obtained. Only the results for the stresses
along the radial direction near z = 0 and the displacements along the bore are
presented graphically.

When the mandrel is assumed to be rigid, the displacement at the bore is
equal to the given interference. The results for the stresses based on models
(R1, R2, R3) are presented in Figures 4 through 6. When the interference is

only half of the maximum, the state of stresses remains elastic as shown in

Figures 4 and 5. When the maximum interference (I = 0.007415) is reached, the

state of stresses is elastic-plastic. The effect of interference on the distri-
butions of hoop and axial stresses can be seen in Figures 4 and 5, respectively.
By comparing the results for model R1 (one-dimensional, plane-strain case) and !
model R3 (two-dimensional case), we can also see the influence of the longitudi-
nal effect on the hoop and axial stresses. The influence on the maximum axial
stresses is very significant as shown in Figure 5. Unloading after the maximum q
interference is reached, we have obtained the residual stresses as shown in
Figures 5 and 6 for the axial and hoop stresses. A comparison of these residual
stresses indicates that the differences between one- and two-dimensional models P
(R1 and R3) are very minor. Models R1 and R2 represent plane-strain and plane-

stress cases, respectively, and both models are one-dimensional.
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Wwhen the mandrel is considered as elastic, the interference-fit assembly is
solved iteratively. The same results for the one-dimensional models (El1 and E2)
have been obtained. A comparison of two models (E1 and R1) for the hoop
stresses during and after swaging is shown in Figure 7. The elasticity in the
mandrel reduces the amount of overstrain from 70 to 60 percent. The numerical
results for the two-dimensional model (E3) are presented in Figures 8 through
11. Figure 8 shows the distributions of hoop stresses during and after swaging.
Figure 9 shows the corresponding distributions of maximum and residual axial
stresses. Also shown in Figures 8 and 9 are the one-dimensional results based
on model E1. A comparison of the results based on models E1 and E3 can deter-
mine the two-dimensional effect on these stresses. In Figure 10 we show the
results for the radial stresses based on four models (E1, E3, Rl1l, R3). Finally,
the results based on several models for the radial displacement along the bore
are presented in Figure 11. The displacements during and after swaging are
represented by U and U", respectively., Also shown in the figure is the measured
permanent bore enlargement. By comparing the results based on models E1 and R1,
the elasticity effect gives a smaller value for U". If we include the two-
dimensional effect with model E3, we get a value for U" even smaller than that

based on the one-dimensional model.
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TABLE I.

THE FINITE ELEMENT INPUT DECK FOR MODEL E1l

*HEADING

TUBE-MANDREL ASSEMBLY AND SEPARATION
*NODE

1,.

11,1.007415

21,1.0

31,1.431

101,. , 0.05
111,1.007415, 0.05
121,1.0 , 0.05
131,1.431 , 0.05
*NGEN,NSET=SIDE1
1,11

101,111
*NGEN,NSET=SIDE2
21,31

121,131

*NSET ,NSET=BORE
1,101

*ELEMENT, TYPE=CAX4
1,1,2,102,101
11,21,22,122,121
*ELGEN, ELSET=MANDREL
11,10
*ELGEN,ELSET=TUBE
11,10
*SOLID SECTION,ELSET=MANDREL ,MATERIAL=CARBIDE
*MATERIAL,NAME=CARBIDE
*ELASTIC
590., .258
*PLASTIC
3.33
*SOLID SECTION,ELSET=TUBE,MATERIAL=STEEL
*MATERIAL , NAME=STEEL
*ELASTIC
2.2, .3
*PLASTIC
1.
*EL EMENT, TYPE=INTER2A,ELSET=SFIT
101,111,11,121,21
*INTERFACE,ELSET=SFIT
*FRICTION

.0
*BOUNDARY
SIDE1,2
SIDEZ2,2
*STEP, NLGEOM,CYCLE=10
*STATIC,PTOL=1.E-4,DIRECT
1. , 1.
*END STEP
*STEP, NLGEOM
*STATIC,PTOL=1.E-4 ,DIRECT
1.,1.
*MODEL CHANGE, REMOVE
MANDREL ,SFIT
*END STEP
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Figure 4. The effect of interference on the hoop
stresses using rigid mandrels.
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