On the Nonuniform Deformation
rubekwo 20 1 of the Cylinder Compression Test

Cheng-Jun Chen A theoretical model baseq on Hi!l’s general method is devel_oped in the present study to
Graduate Student calculate _thg flow stress in a pyllnd_rlcal specimen under axial compression in the pres-

ence of friction at the die-specimen interface. Unlike most of the published methods which
studied the incipient barreling only, the proposed theoretical model takes the barreled
shape of the deforming specimen into account. In order to construct the stress-strain
curve, the mean effective strain of the barreled specimen was also calculated on the basis
of an assumed velocity field. As the present study shows, the proposed theoretical model
provides good results, both in magnitude and in trend, for the prediction of flow stresses
in the barreled specimen during the compression {&0094-42880)00602-3
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1 Introduction

The cylinder compression test has been widely adopted for de-
termining a material’s flow stress as a function of the strain during
the compression of cylindrical specimens between two flat dies. If ) ) o
the friction is absent at the die-specimen interface, the deform¥bereA is the mean cross-sectional area obtained by dividing the
tion in the cylinder is uniform and the free surface of the cylindefolume of the specimen\) by the instantaneous heighti2of
remains straight during the compression. Thus, the flow stresst@¢ SPecimen. This method is termed the “mean flow stress

the specimen is simply the value obtained by dividing the appliggéthod” thereafter in this paper. .
force (P) by the contact area of die-specimen interfass and _ !N 1983, Ettouney and Hard4] extended the concept, which

the effective strain is the same as the axial compressive Strﬁﬁdgman[S] had d_evelope_d for calculating the stress distribution
given by In(,/2H), where H, and H are the initial height at the neck of tensile specimen, to determine the flow stress of the

and the instantaneous height of the deforming specimen, respt‘%?[reled.speclmen. Considering the.barreled s.hape in the analysis,

tively. In reality, due to the presence of friction at the dieE €y derived a formula of the following nature:

specimen interface, the radial displacement of the material near

the interface is restrained while the remaining portion of the speci- Y=(c,) [1

men bulges out changing the free surface into the form of a barrel. Zm

The barreled shape leads to an inhomogeneity of deformation, and

therefore, the method used to calculate the flow stress and {figere

effective strain for the uniformly deformed specimen is not

applicable. p
Many theoretical methods have been proposed to derive the (O)m=—=3,

flow stress for a barreled specimen. Sigldglassumed no barrel- TR,

ing and a low coefficient of friction, and derived a simple well-

known formula for the relationship between the mean axial pre¥-is the flow stress of the material under frictionless uniaxial

sure acting at the die-specimen interface and the flow stress of @gnpressionP is the compression loa is the radius of the

material under frictionless uniaxial compression. With the use btllge curvature, an®; is the maximum radius of the barreled

the upper-bound method, Avitz(i2] has determined a relation- Specimen, as shown in Fig. 1.

ship between the applied load and flow stress of the material for aln the present study, a theoretical model based on Hill's general

cylinder under uniaxial compression with friction at the diemethod was developed to calculate the flow stress of the barrel-

specimen interface. Later, Lee and Altf3] also proposed an shaped specimen, which is compressed under frictional condition.

upper-bound velocity field that considers bulging of the cylinddp the theoretical model, the longitudinal nonuniformity was un-

during the upsetting. They developed computer programs to dler investigation, and an expression for.the flow stress in terms of

termine the strain, strain-rate, velocity, and flow-stress distribtfl€ compression load and the geometric parameters defining the

tions. Although the previous works mentioned above have takBarreled specimen was obtained. Flnlte element S|mulat|0ns were

the effect of friction into consideration, the efforts were mainij3lS0 performed in the present study in order to validate the theo-

focused on the incipient barreling of the free surface. In oth&gtical calculation. The flow stresses calculated according to the

words, the specimen with a straight free surface was used for oposed theoretical model are compared with the true flow stress

analysis, and no attempt was made to consider a barrel-sha?@g with those predicted by the Ettouney and Hardt's formula
specimen for the analysis. termed the “E-H formula” for shoit and the mean flow stress

Since the compression load acting on any cross-sectional a f‘athOd’ based on the compression Ioad_s and _the geometric param-
rs obtained from the finite element simulations.

of the barreled specimen has the same value, another way to & T

culate the flow stress of the specimen may rest on the analysis foft Sould be noted that the strain distribution of the barreled
the mean cross sectional area. Following this concept, a sim pecimen is also not uniform and the effective strain cannot there-

. ; ore be determined explicitly. Nevertheless, the overall axial com-
expression for the flow stre¥) is therefore suggested as pressive strain has been commonly used by researchers, without
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2 1 The deforming material is isotropic and incompressible.
2 The elastic deformation is negligible, i.e., the material is con-
sidered as rigid-plastic.

s Now, consider a barrel-shaped specimen under compression be-
| R, Y | —f tween two flat dies which move toward each other with a unit
= H
R

speed at any stage of compression. The specimen has an instanta-

- neous height of Bl and a radius oR; at the die-specimen inter-
\V face, as shown in Fig. 1. Since the nonuniform deformation in the
z-direction is our main concern, the selected velocity field must be
a function ofz. A simple velocity field representing the incipient
d barreling of the specimen has been shown by Kobayashi g8]al.
f 4, o to be in the form

v, =2 ®'(2), v,=0, andv,=—P(2), (4)

—— : barrel-shaped specimen wherewv, ,v,,v, are the velocities in the, 6, and z directions,
----- : equivalent specimen respectively, the prime denotes differentiatidnis a function that
is sufficiently differentiable. The velocity field given in Eq.
Fig. 1 Configurations of barrel-shaped and equivalent (4) implies the incompressibility of material, whilab(z)
specimens =—®(—2z), ®(H)=—®(—H)=1 due to the symmetry with re-
spect to the mid-plane and the velocity boundary conditions, re-
spectively. It is reasonable to suppose that the velocity field given
in Eq. (4) continues to hold during a finite compression of the
2 Calculation of the Flow Stress barreled cylinder, and it is therefore adopted in the present study

In 1963, Hill [6] proposed a new method of analysis for metall® calculate the flow stress for the barreled cylinder.
| One way to choose the virtual orthogonalizing velocities is just

forming processes based on a variational principle. Although Hil ke the similar f hat gi ; h
believed that the proposed method comes close to the ideal, vEhjake the similar form as that given in E@), such as

few investigations on the method have appeared in the published w,=3r¢'(z), w,=0, andw,=—¢(z), (5)

literature. Among them, Lahoti and Kobaya$#j carried out the

analysis of ring compression with barreling, spread in Steckéith ¢(2)=—¢(-2). _ 3

rolling, and thickness change in tube sinking. Making use of the following conditionsS; =0, {n,,n,,n,}
Hill's method begins by selecting a class of velocity field =10.0.1, and{l,.l,.1,;={—1,0,0}, Eq.(3) can be written as

from which the best approximation will eventually be taken. The ~rn aw, w, aw, oW, aw,
selected velocity field must satisfy all the kinematic conditions2 or——toy—+to,——+ 71, —+ dAjdz
However, the associated stress field in the deformation zoneJo | Jal = " r 9z gz or

which is determined according to the material constitutive law,
will not generally satisfy all the static requirements. Hence, the ZZJ [o,W,—mkw],_y dA, (6)
selection criterion for the best approximating stress figjdmay A

be considered as noting thatn; andl; are the unit normal vectors in treandr

directions, respectively.
aw, Substituting Eq(5) into Eq. (6), yields
v S S

oi—1
1 é’Xi sz f Oy ¢, n Tg ¢, ¢;+ Tral qﬁ"}dA d
= - ¢ -0 —- z
ol Jal 2 2 z 2

for a sulfficiently wide subclass of virtual orthogonalizing motion Krdh'
w; , wherer; denotes the surface traction computed from the con- - _ mkré

. = . 2| |op+ dA. ©)
sidered approximating stress fietd; , n;, andn; are the local A 2 |4

pplying integration by parts and rearranging terms, Ef.

unit outward normalsl; is a unit tangent vector opposite in sens%
ecomes

to the relative velocity of sliding in the approximating field, an

mk represents the constant frictional stress witari<1, k being

the shear yield stress. For metal-forming process, the sufate H

the deforming zone usually consists of three distinct p&gsis f f

the interface between the die and the workpie&eis the uncon- 0JA

strained surfaceS, is the interface between the deforming zone H o a(r,rd')

and the rigid zone. It is to be noted that use of the reverse of the +f f —~"7 7 CdAdz

virtual work-rate principle has been made to derive B}, and oJa 92

although the method is applicable to all types of friction, constant

friction is qdopted in Eq(3) for simplici.ty.. . =2P¢(H)—mk¢’(H)f rdA, 8)
In applying Eq.(3), the orthogonalizing familyw; must be Ay

sufficiently wide and extensive to identify a single approximatin . . .

velocity field in the particular class constructed for satisfying th%(hereP is the compression load given = _fAHO-ZdA' and

kinematic conditions. Once the orthogonalizing family is choseA is the contact area at the die-specimen interface.

the calculus of variations technique is applied to B), treating Since the area of cross section of the barreled cylinder is itself

w; as a variation parameter. This furnishes a system of equilipfunction ofz, it is convenient to consider E(g) in relation to an

rium equations and boundary conditions, suited to the particul@@uivalent specimen having a uniform cross section with a mean

approximating class, allowing us to determine its best membateaA=V/(2H), whereV is the volume of the specimen which

(Lahoti and Kobayashi7]). The detailed description of the remains constant during compression. The configuration of the

method can be found itHill [6]). equivalent specimen is also shown in Fig. 1 by the dashed-line,
To facilitate the analysis, the following assumption are madethe equivalent radius being denoted By With the above as-

a7y,
(o +0op—20,)¢' rEd)’}dA dz
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sumption in mind, the integrations with respectdd anddzin 3 Calculation of Effective Strain

5%“221 iﬁg fgﬁ_”hgﬁd"‘sﬁrg%?”é’gsﬂ'Cﬁﬂ“ﬁf‘ﬂ,‘jﬁ?@'ﬁ"ge second Inte_Since the barreling of the cylinder leads to a nonuniform defor-

mation, the stress-strain relation may be best represented by
M a(rre') Ha(Tré') adopting the mean flow stress and the associated mean effective
—TdA dz= sz dA strain of the deforming cylinder. In order to determine the mean
0o Ja Al Jo . . .
effective strain, the upper half of the barreled specimen, as shown
in Fig. 1, was considered, with a velocity field suggested by
= J;Trz(H)r(ﬁ/(H)dAv (9) Chakrabartyf9] being adopted, which has the form
with 7,,=0 atz=0. Ly o z —0
In the cylinder compression with friction at the die-specimen 2H MY R VS
interface, Hill[6] has shown that the von Mises yield criterion can
be taken in the form an

_1 - _ . H z

oMo tan=-Y, (10) oz e (_

_— N PRI (19)
to a close approximation.

Substituting Eq(9) and Eq.(10) into Eq. (8) and noting that \yhereH is the rate of change of the specimen heightis an
P¢(H)=P[G ¢’ (2)dz results in arbitrary small coefficient representing the frictional condition at
H or the die-specimen interface, agids an approximating function of
rz
jo [ j;( eyt Jz
locity field flexible enough to include the whole range of possible
shapes of the barreled specimen. The velocity field given in Eq.

)dA—ZP #'dz z/H. Also, ¢(0)=¢(1)=y¢(—1)=0. The arbitrariness of the
function ¢, which represents the barreling effect, makes the ve-
B d”(H){ mka rdA+ j;T’Z(H) o’ dA] =0, (19) characterizes the feature of longitudinal nonuniformity in the
. barreled specimen, and the associated strain rates are

v,=—H

11)
where the first and the third integrals are evaluated over the mean c :ﬂ __ i
area of the barreled cylinder. oo 2H’
Since ¢’ is arbitrary, it follows from Eq(11) that )
5 Uy H{1+MH¢/(Z))
T €p=—=——T\5 T —¢"\ 7/,
H 2Y—r rZ)dA—ZP:O, (12) “r H|2 r H
A 9z
and e R R 2
. _ EZazH(“_rl’bH ’
1 R
mkf 2wr2dr+f (Trz)7—n2mr2dr=0, (13)
0 0

. 1(dv, dv, ,uH L, Z H? [z
_ _ %<3l e )= |V n) T e ) @O
whereR is the radius corresponding to the mean &eandR; is

the radius of the surface of contact, as shown in Fig. 1. The corresponding expression for the effective strain kate
Integrating out Eq(13), yields given by
3
Ry 2 2uH [z\][H)°
(Trz)zH=(§> mk. (14) E=g(ef+ere2y)= 1+MT‘V(E)] al

: , . (21)
Integrating Eq.(12) with respect taz between the limits O tdH,
and noting the fact that,,=0 atz=0, gives the terms of ordep? being omitted since they are small compared
to unity. This gives the effective strain rate as

f;[ZYH—r(T,Z)Z:H]dA—ZPH:O. (15) uH ( i

. H
= —

+
wiE!

: (22)

A

Evaluating Eq.(15) at z=H and substituting from Eq.14), we

obtain the expression for the compression load as with the terms of order.? being omitted. The negative sign on the

~R3mk left-hand side of Eq(22) is used to ensure a positive value for the
P=YAf —> 16) effective strain rate.
(16) : _ . : . .
3H A mean effective strain raté may be defined with sufficient

When the barreling is disregarded, i.léfﬁ, andmkis replaced accuracy as

with Y, Eq. (16) reduces to the well known Siebel formula.

by o
For the von Mises yield criteriork=Y/v3, Eq. (16) becomes é= ! f J'R'GZWI‘ drdz
5 aR?H Jo Jo
poy| Ay T 17)
_ 4 . _
' H 2 R H z
3v3H =——[1+r'u drj w’(—)dz}
The expression of the flow stress therefore becomes H R? Jo 0 H
— 7Rim o H
Y=P| A+ ) (18) =, (23)
3v3H H
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since ¢ vanishes at both limits of integration, i.ef(0)=(1) obtained from the finite element simulations are used to calculate
=0, R being the radius of the mean area. The total mean effectillee flow stresse¥ according to the proposed theoretical model,

strain’e at any stage is therefore given by the E-H formula, and the mean flow stress method. The predicted
. flow stresses are then compared with each other and with the
?:f Edt=f _ i d—Hdt= _ ﬂ:m(ﬂ) (24) given material stress-strain relation for the required validation.
H dt H H H)’ The finite element program DEFORM was adopted to perform

) o ) ) the simulations, and the program was run on a SGI R4000
where Hj is the initial height of the underformed specimenyorkstation.

Equation(24) indicates that the mean effective strain for a bar-

reled ;pecimen is the same as in. the_case qf compressiqn withut Rasylts and Discussions

barreling to a first order of approximation. This result provides the ) o ) o
theoretical justification for using the axial compressive strain, In order to validate the finite element simulation itself as an
In(Ho/H), or In(2H,/2H), as the effective strain to construct theeffective method for providing the necessary information for the

stress-strain curve for a barreled specimen in the compression tégfpression loads and the geometric parameters of the barreled
specimen, the simulation was first performed for the specimen that

4  Finite Element Model is 10 mm in height (21, /d,=1.0) under frictionless condition, so
] . . . that the simulation results can be compared with theoretical pre-

In an actual compression test, it is very difficult to determingjctions. The free surface of the deforming cylinder, obtained
the exact frictional condition at the interface between die face aRgym the finite element simulation, remains straight even under a
specimen; while the coefficient of friction can be easily incorpqarge reduction in height to 4 mm. The flow stresses calculated
rated in the finite element method which has been considered agceording to the relatioR/A at various effective strain®r axial
well-developed technology for the analysis of metal forming prosompressive straipgluring the compression are almost the same
cesses. It is therefore convenient to perform the finite elemegd those given by the stress-strain curve, as shown in Fig. 3, where
simulations, instead of conducting experiments, to validate tejs the compression load, ardis the cross-sectional area of the
proposed theoretical model. The procedure begins with the cfyecimen obtained from the finite element simulation. Although
struction of the finite element model, as shovyn in Fig. 2. Becaugqg good agreement between the simulation results and the theo-
of symmetry, only a quarter of the specimen is analyzed. Both thgtical predictions only validates the finite element simulations
top and bottom dies are considered as rigid and the specimenjgjer the frictionless condition, it also implies the feasibility of
modeled by 4-node axisymmetric elements, as shown in Fig. 2, &jng this method to simulate the cylinder compression in the
is seen in this figure that the mesh is very dense so that the profilasence of friction. It is therefore meaningful to compare the true
of the deformed specimen can be determined with sufficient &\ stress given in the finite element method as input data with
curacy. The material constitutive relation of the specimen usedgfe flow stresses calculated according to the present theoretical
the simulations isY = K€" with K=516 MPa anch=0.23, where model, the E-H formula, and the mean flow stress method, using
e is the effective plastic strain. Since the barreling of the specim@fe compression loads and the geometric parameters of the de-
depends also on the ratio of the initial height{g) to the initial  forming specimen furnished by the finite element simulation
diameter @), known as the aspect ratio, in addition to the fricresylts.
tion coefficient, specimens of 10 mm in diameter and of two dif- The compression load at various height reduction ratids (
ferent heights of 15 mm and 10 mm were used in the simulations)/H, for both the specimens under different frictional condi-
the corresponding aspect ratios being 1.5 and 1.0, respectively.

The simulations were performed for both the specimen sizes
under the frictional conditions specified mg=0, m=0.3, and 600 -

m=0.5, respectively. The compression load and the geometric U
. A . 500 - X
parameters of the deforming specimen, such as the radius of the X %= tr0e flow
contact area between die and specinigy) ( the maximum radius g 400 r = stress.
corresponding to the central section of the specink®y),(and the < 300 4 stress P/A
instantaneous height of the specimerH(2 as shown in Fig. 1, S ow t
100
7 0 S
000 020 040 060 0.80 100 120 1.40
effective strain
75 LR FELET T Fig. 3 Comparison of the simulated flow stresses (PIA) with
s : the true flow stresses
50 250
200 +
g 150 ——m=05
i RGO —~m=0.3
25 -1 - : g1 —*—m=0.1
65 5 1 B 50t
%&S 1 o 0 02 04 06 08
E; E— r (H, - H)/H,

0.0 25 50

Fig. 4 Compression load at various height reduction ratios
Fig. 2 Initial mesh for the finite element simulation (unit mm) (2H,/d,=1.0)
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500 1400 (
1200 £
400 1000
~ L £ 800 —s—mean flow stress
g 30 % ——E-H formula
‘E’ ——m=0.5 2 600 r ~e—true stress
e 200 —A m_0.3 2 400 —*— proposed model
—-m=0.1 200
Im i 0 L L 1 L 1 L
0 ) ; , 00 02 04 06 08 10 12 14 16 18
00 02 04 06 08 10 12 14 effective strain
effective strain Fig. 7 Comparison of flow stresses at various effective strains

(2H,/d,=1.5;m=0.5)
Fig. 5 Radius of bulge profile at various effective strains
(2H,/d,=1.0)

to large effective strains, sag=0.8, the calculated mean flow

tions were obtained from the finite element simulations. The rggress deviates from the tru.e ﬂ(.)W stress and the dlfferenqe be-
sults for the specimen of aspect ratio of 1.0 are plotted in Fig. gomes larger as the reduction increases, and the overestimated

As seen in the figure, the compression load increases as the ¢ gjue of the flow stress at higher compressive strains becomes
ficient of friction increases. more significant as the coefficient of friction increases. It follows

In the E-H formula, the bulge profile is treated as a circular aff@t the calculation based on the mean cross sectional Ajes (
and the radius of the bulge curvatuReis determined from an NOt sufficiently accurate, and the flow stress calculated from this

empirical formula(Horton et al.[10]) which has the form method requires correction at higher reductions in height.
It is also seen in Fig. 6 and Fig. 7 that the flow stresses pre-
(2H)?+(dp—dy)? dicted by the E-H formula agree reasonably well with the true
- 4(d,—d,) ’ (25 flow stresses at lower compressive strains for both the frictional

o _ ) conditions ofm=0.3 andm=0.5, but significant differences are
whered,, d, are the minimum and maximum diameters of thgoted at compressive strains higher than 0.4. As noted in both the
barreled specimen, respectively, anti 2s the instantaneous figyres, the calculated flow stress according to the E-H formula
height of the specimen. The finite element simulation results We:reases very rapidly when the compressive strain is greater than
utilized to calculate the corresponding radius of the bulge curva-g oy m=0.3, and greater than 0.8 fon=0.5. The difference
ture for the specimens under different frictional condition accorgsetween the predicted flow stresses and the true flow stresses may
ing to Eq.(25). Figure 5 shows the calculated radii of the bulgge attributed to the magnification of error in the approximate for-
profile versus the mean effective strain of thg pyllnd_er with 3fhula (Eq. (25)) for the radius of curvatur® of the bulge curva-
aspect ratio of 1.0 under constant shear friction givennby t,re The rapid increase in the calculated flow stress is due to the
=0.1, 0.3, and 0.5, respectively. As seen in Fig. 5, the radius gfct thatR, approaches the value ofR2as the strain increases,
the bulge profile decreases almost exponentially with the currghich makes the terfil — R, /(2R)] appearing in Eq(2) tend to
height, and__the specimen under higher friction coefficients hagyq. WherR,> 2R the flow stress is not obtainable from Eg).
smaller radii of curvature as expected. ) This suggests that the E-H formula is applicable only to cylinders

With the compression loads and the geometric parameters 98Prelatively large aspect ratios.
erated from the finite element simulation results, the flow stressesrpe flow stresses calculated according to the proposed theoret-
calculated according to the proposed theoretical model, the Egh| model form=0.3 are also plotted in Fig. 6. It is seen in this
formula, and the mean flow stress method under various friction@yyre that the theoretical model underestimates the flow stresses
conditions were evaluated. To limit the length of this paper, onlyyer a range of axial compressive strains lower than 1.2, and
the results of higher friction coefficients are discussed. The floyerestimates the flow stresses at higher axial compressive strains.
stress calculated from the three methods and the true flow streRsvever, no marked difference is observed almost throughout the
are plotted against the mean effective strain in Figs. 6 and dmpression process. Although the difference would tend to in-
respectively, for the specimen of aspect ratio 1.5 under the frigrease with the increasing compressive strains, the variation is
tional conditions corresponding =0.3 andm=0.5. It is seen sma|| and the flow stress still agrees reasonably well with the true
in Fig. 6 and Fig. 7 that the mean flow stress method shows g stress. When the friction coefficient is increasedrts 0.5,
results over a range of low compressive strains in which the bafe flow stress calculated by the proposed theoretical model
reling is not significant. However, when the cylinder is deformeggyees very well with the true flow stress, even for large compres-
sive strains, as indicated in Fig. 7, while the other two theories
result in significant deviations from the true flow stress. Figure 7

1400 ¢ also suggests that the proposed theoretical model would provide
120 - better results for specimens with significant barreling. On the
o0 - whole, the proposed theoretical model is an improvement over the
= E-H formula and the mean flow stress method, both of which
g w P np— predict significantly higher flow stresses at higher compressive
g o0 r :i;lz:zmula strains, and therefore increasingly deviate from the true flow stress
2 a0 | — proposed model of the material.
a0 L The comparison of the flow stresses calculated by the three
L methods with the true flow stress is also made in Fig. 8 for the
000 02 04 06 08 10 12 14 16 18 specimen with an aspect ratio of 1.0 and a friction coefficient of
R eﬁ;cﬁve'm’n o 0.5. The Io_wer the aspect rati_o,_the less is t_he radius of the barrel
curvature, implying that an infinitely long cylinder would not bar-
Fig. 6 Comparison of flow stresses at various effective strains rel at all, as suggested by Johnson and Melldk]. Hence, de-
(2H,/d,=1.5m=0.3) creasing the aspect ratio from 1.5 to 1.0 significantly decreases the
196 / Vol. 122, APRIL 2000 Transactions of the ASME
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1400 troducing various simplifying assumptions. The satisfactory esti-

1200 mate of the flow stress for the barreled specimen under inhomo-
1000 geneous compression indicates that the assumptions made in the

T a0 b T mean flow stress proposed theoretical model are sufficiently realistic.
% 0 ——E-Hformula The velocity field adopted in the present study to calculate the
—e—true stress . . .

g 0o — proposed model mean effective strain for the barreled specimen also proves to be

| effective. The fact that the mean effective strain of the barreled

. ‘ L specimen is approximately equal to the overall axial compressive

o0 02 04 06 08 10 12 14 strain to the first order simplifies the construction of the stress-

effective strain strain relation in the compression test.

Furthermore, although the analysis correctly predicts the main

Fig. 8 Comparison of flow stresses at various effective strains trend for the flow stresses in a barreled specimen during the com-
(2H,/d,=1.0;m=0.5) pression test, the proposed theoretical model would tend to under-

estimate the flow stress of specimen at lower compressive strains.
However, the difference between the calculated flow stresses and
barrel radius when subjected to the same height reduction raiife true flow stresses is not significant. It is suggested that the
thereby significantly increasing the inhomogeneity of deformanciusion of a shape factor in E¢18), which can allow for the
tion. It is seen in Flg 8 that the proposed theoretical model Stﬂhange in the barrel geometry during the Compression’ m|ght im-
predicts the flow stress consistently in close agreement with theove the accuracy of the proposed theoretical model.
true flow stress, and is superior to those given by the other two
theories. This confirms the validity of the proposed theoretical
model for calculating the flow stress for a barreled specimen uAcknowledgment
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