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ABSTRACT

Combined tension and torsion experiments for 14 tabular
24S~Th aluminum alloy specimens with considerable initial anisot-
rophy are reported. 1In all cases, the results reveal the exist-
ence of corners on the yield loci of the material.
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EXPERIMENTS CONCERNING THE YIELD SURFACE
AND THE ASSUMPTION OF LINEARITY
IN THE PLASTIC STRESS-STRAIN RELATIONS

INTRODUCTION==GENERAL BACKGROUND

In a recent paper (1)1 experimental results on combined tension
and torsion of tubular specimens made of aluminum alloy which possessed an
appreciable initial anisotrophy were reported. In these tests the variable
loading path was such that tension was followed by torsion and permitted the
determination of the initial shear modulus G; when twist began. The modulus
Gy, for all ratios of the increment of axial stress to the increment of
shearing stress (doss/doss) during loading, was found to be considerably less
than the elastic shear modulus G,, except when unloading had actually taken
place; furthermore, it was repeatedly observed that plastic strains were pro-
duced for some negative values of doss/doas (dczz/dTgZ).

These results motivated further experimental investigation on the
character of the yield loci and the possible validity of the assumption of
linearity of the increment of the plastic strains in the increment of the
stresses (hereafter referred to as the assumption of linearity). We recall
that in the expression for the increment of the plastic strain tensor azgj in
terms of a plastic potential f, namely,

of
noo_
deij _H&’-‘:—i:]- df,

the existence of a smooth loading surface (which has a continuous turning tan-
gent) is implied, and furthermore, it is usually assumed that de;j is linear
in ddij'

1Numbers in parentheses refer to the bibliography at the end of the paper.
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Let us consider an initially smooth yield locus f, as shown in Fig.
1. ©Since the plastic strain increment vector is normal to the loading sur-
face (2), then if the additional stress increments to produce f, and subse-

023(ng) —_—

Uas(Gzz) —

Fig. 1: Relation of stress and plastic strain increment
vectors to subsequent smooth yield loci.

quently fz are small, the plastic strain increments should be a smooth func-
tion of any of the monotonically increasing variables along the stress path,
Thus, even if the subsequent loading surfaces were to distort appreciably,
the existence of a smooth surface would predict that the increment of the
plastic strain vector dé€¢" would at most rotate independent of the wide ex-
cursions of the direction of the increment of the stress vector dg. As
pointed out by Drucker and Stokton (2,&), it may be emphasized that this is
independent of the assumption of linearity.

If, on the ogher hand, in producing the subsegpent surfaces f, and
f3, the direction of de", depends on the direction of dg, then the existence
of a corner or vertex on the loading surface is possible. Alternatively,
since at a corner a unique normal vector is not defined, the direction of the
plastic strain increment vector is restricted only to the directions included
between the normals to the surface at adjacent points (Fig. 2); thus, the de-
pendence of d¢" on d6 is possible.
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623(022) —gm
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Fig. 2: Relation of stress and plastic strain increment
vectors to subsequent yield loci exhibiting corners.

This paper contains experimental results on the evidence of the ex-
istence of corners on the yield loci and the possible invalidity of the as-
sumption of linearity of the increment of the plastic strains in the increment
of the stresses for an aluminum alloy (24S-TL) which possessed considerable
initial anisotropy. The experiments were performed on 14 tubular specimens,
some of which were previously subjected to combined tension and torsion (1).

In all cases, the loading program in combined tension and torsion was such that
small additional "increments" of stress were applied to an already existing
plastic state.

SPECIMENS AND EQUIPMENT

The thin-walled specimens were made of 24S-Th aluminum alloy which
possessed considerable initial anisotropy2. All specimens used had the nominal]

28ee Fig. 12 of reference 1.
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dimensions of 0.75 inch inside diameter and 0.075 inch thickness, some of
which had been previously work-hardened. To indicate the history of each
specimen prior to the present investigation, it might be helpful to mention
that the tubular specimens numbered 50, 52, 57, and 59 (Figs. 4, 5, 6, 7, and
8) were employed in the previous experiment (1); all other specimens, however,
were virgin.

The testing machine, the extensometer, the recording instruments,
and the associated equipment used in this experiment, together with the accu-
racies of the resulting measurements, have been described in detail elsewhere
(1) and will not be repeated here,

EXPER IMENTAL RESULTS

The experiments conducted were such that the specimens were sub-
Jected to an initial tension and torsion (well into the plastic range) fol-
lowed by increments of tension and torsion. The approximate character of
these stress paths are shown in Fig. 3. The test results for the 1L tubular

o
Q o Approx. Initial Yield
e @ /L\ B/

0 Q

g %0‘{

20,000

Usa(Uzz )PSi P




— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

specimens are shown in Figs. 4 to 17. The test data have been arranged into
three groups designated by E, F, and G, according to the region of the stress
space, as indicated in Fig. 3. The data for each specimen are presented by
three curves which show the variations of the axial and shearing stress, as
well as one of the plastic strains, all plotted vs. the other plastic strain
(monotonically increasing for that test). The approximate strain rates for
each test are also indicated in Figs. ¥ to 17. To emphasize the clarity and
convenience of the experimental measurements afforded by the continuous re-
cording of all variables, a facsimile of one of the oscillograph films is
reproduced in Fig. 18.

Some of the important features of the experimental results with ref-
erence to Fig. 4 to 17 will now be discussed. First, note that for all speci-
mens egz appears to be uniformly increasing with time, even for small de-
creasing increments of the shearing stress Tog This can be seen from Fig.
19, which is a magnified portion of the data of the specimen F-3 (Fig. 11).
Furthermore, it is clearly seen that there is a strong correlation between the
direction of both stress and strain increment vectors for all three groups of
specimens. Specifically, consider the details of this correlation for group
E specimens (Figs. b to 8). The characters of both e, and g,, versus e
curves are oscillatory in nature and appear to be essentially alike. A close
examination of these curves seems to indicate: (a) the directions of d&" and
d¢ Have nearly the same sense along the entire loading path and (b) the mag-
nitude of the strain increment vector is approximately proportional to the
magnitude of the stress increment vector, i.e., ldE“I = m[dgl. In addition,
note that, since the proportionality factor m for the initial increment of the
stress vector is less than that for subsequent increments of stress (where it
seems to remain nearly constant), the occurrence of negative plastic strains
beyond the first increment is possible and, in fact, does occur. In a similar
manner, corresponding observations may also be made for groups F and G speci-
mens (Figs. 9 to 13 and Figs. 1k to 17). For group F, however, the variation

of €;, versus €5z curves, although oscillatory, has a definite upward trend.

CONCLUSION

From the experimental results, it is quite clear that for the mate-
rial tested the yield loci are not smooth, Furthermore, definite evidence of
the existence of the corners on the yield loci has been established. In view
of this observed character of the yield loci, the validity of the assumption
of linearity cannot be ascertained from the present or similar experimental
results. It might be, however, that the assumption of linearity, together
with the use of a singular yield condition, would correlate these results.
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Finally, it should be mentioned that the existence of corners on the
yvield loci of the material tested confirms and explains previous experimental
results (1).
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TUBE E-3 (NO.59)
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TUBE E-5 (NO.57)




€72 1N X103 —=

-3
Oz PSI X |0 =—

—— Ty, PSI X 103 —=

32
31

29

28

27

26

25

24

N
w

TUBE
|¢z2| =100 N /sEC:

ép, = 75 p N /sEC.

FIG. 9
F-1 (NO.59)

— €5,

IN 13
N X 10> —=




3_
nT 2
o
x
z|z
N
= N
'
| —
0

€| 7o B/ sec.

~ IN
ég, = 100/L {5/ SEC.

FIG. 1O
TUBE F-2 (NO. 30)

N
H

N
N

-3
Ty, PSt X 10—
N
(@]

®




FIG. 1

TUBE F-3 (NO.33)

|éz2] = 701N /sEC.

cn m
ép, = 1001 1N / SEC.

5
4_
mT
o
X 3 t—
zlz
N
= N
W
2_
|—
0
0
30
mT 28 —
'o
x
¢
:ze—
b
24 |—
22
0
o 22
x
— 20}
[}
o
'3»; 18—
16 5

IN. 3
———eez N X 107 —»




X 10—

IN
IN

"
€2z

—_—

3

037 PSI X 10

—Tp, PSI X 10> —=

|é2,| =150 1 1N/ sEC.

<N ~ lN
¢, =loop [/sec

FIG. 12
TUBE F-4 (NO.53)
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TUBE F-5 ( NO.54)
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TUBE G-I (NO.30)
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TUBE G-2 (NO. 33)
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TUBE G-4 (NO.54)
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FIG. 19

A portion of the stress and plastic strain paths for
tube F-3, Time in seconds is Indicated to relate the
two curves.







