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1. INTRODUCTION

The theory of plane strain for anisotropic
materials was established by Hill” in 1959,
and its application was executed with the
indentation by a flat rigid die. Thence, its
application had been left untouched since
it is so difficult to be adapted, while in
sheet metal forming the theory of aniso-
tropy has been often used.

The slip line field solution for the ex-
trusion of an anisotropic material was ob-
tained by Johnson and his coworkers® in 19
73, who accomplished the application of the
theory of anisotropy to the indentation of
the material with finite depth® %.

On the other hand, the use of moire fri-
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nges for strain measurement has been stu-
died widely in the past two decade and the
moire equations have been developed for
arbitrary master and specimen grid pitches
and orientations; and for ease of measure-
ment the master grating pitch and orien-
tation may be changed at will during an
experiment, and as a result the methods of
moire analysis become powerful in the field
of plastic deformation.

The method of moire analysis was im-
proved and applied to the extrusion of iso-
tropic materials by Kato and his cowor-
kers® in 1968, and they obtained the ana-
logous feature to the slip line field.

In this paper, the slip line field obtained
by Johnson is compared and examined with
the moire fringe analysis improved by Ka-
to. And the distributions of the equivalent
strain rates in deforming region are obta-
ined from the method of moire analysis.
This paper is concerned with the case of
the plane strain extrusion of anisotropic
materials through frictionless wedge-shaped
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dies of low reduction.

II. MOIRE FRINGE ANALYSIS

Moire fringes result from the superposi-
tion of two or more geometric patterns
consisting of fairly orderly and relatively
closely spaced systems of curves, dots or
other elementary figures. The loci of points
of intersections of the superimposed patt-
erns form light moire fringes. If one or
more of the initial patterns are distorted,
the moire fringes generally will change,
thus providing the basis for the moire me-
thod of strain measurement.

Two families of moire fringes are obta-
ined by the superposition of the master
grating and specimen grating which both
are composed of the two families of parallel
straight-lines. When the master grating is
rotated properly, it is found that two fa-
milies of moire fringes become parallel to
each other at the arbitrary concerning po-
ints.

There exist two rotating angles of the
above state and the orientations of the
parallel fringes are the directions in which
there is no elongation and of maximum
shear strain rate. That is, between the
magnitudes of the principal strains and the
rotating angles of master grating, some
simple relations can be evaluated. Such a
method of moire fringe analysis was sug-
gested and evaluated by Kato®.

The condition that two families of moire
fringes become parallel to each other is

10i51 (B —1) (ba2—1) —b12b21} =0 (1)
where [4,,]is the transformation matrix of
Mmaster grating position to specimen grating
position.

For small deformation, the transforma-
tion matrix

bd={1 7t g @)
Wwhere ¢,, ¢, and 7., are components of st-

rains and o is the rotating angle. And the

relation between the rotating angles and

the magnitudes of the principal strains are
6 =—w"cotp" (3)
e=wVtang?

where o'=—0o', g'=—g" N=I, II and 8 is

the anticlockwise orientation of the parallel

fringes to the y-axis.

For finite deformation, the transforma-

tion matrix can be written as follows;

=[G & [es "ome] @

where [C;;] is the matrix of the strain
components only, that is

=315z (5)
Then, the relations between the rotating
angles and the magnitudes of the principal
strains are

&H=— —%otﬁ”%—a”’(%-—t—cotﬁ”)—ko(e3)

c‘z::‘”tanﬁ”—l—w”’(%:—{—tanﬁ”)+0(e3) )
N=], 11
When the deformation is in the condition
of plane strain, from the condition of in-
compressibility, it can be found that

_ sin4pg¥
i 3+cos4 8% @)

@

III. EXPERIMENT

Procedures

rore

III. 1. Experimental

Fig. 1. Experimental extrusion apparatus
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Table 1. The experimental condition of each
specimens (Specimen dimensicn; 40X

20 mm in section)

. . - [
Spec1menI Semi-angle | Fractional . .
No. of die reduction Oricntation
1 15° 0.15 0° to compres-
sion direction
2 n " 10° "
3 4 " 20° i
4 7 4 90° r
5 " [ 80° ”
6 " I 70° "
7 30° 0.2 0 Y
8 3 az. 10° 7
9 n ” 20° "
10 15° 0.15 0° to rolling
direction
11 ” " 10° r
12 n " 20° "

Experiments were carried out with the
experimental extrusion apparatus placed on
the 30-ton universal testing machine, which
is shown in Fig. 1.

Commercially pure aluminum ingot (99.5
9,) was cut out and annealed at 345°C for
hours in salt bath. Then, to improve the
anisotropic nature oi the materisls, some
of the cut specimens were compressed with
40% reduction and others were rolled with
50% reduction, which are the well-known
methods to induce considerable variations
in the directional strength properties of

. 73

5 4

materials. Finally, the specimens were

made with various orientations to the dire-

ction of compression znd rolling and with

two sorts of semi-anzles of dies, which

possess the different fractiensl reductions.
Table 1.

The parameters, 7,

They are listed in
which is a measure
of the average resistance to cefermation,
and ¢, which specifies the state of anisc-
tropy in the plancs of ficw, can be experi-
mentally determined Ly (1o mezsurements,
; under

compression tests,

at 0° and 45° to

for example in

condition ¢f plane strain,

the axis of anisotropy with the governing
equation®
. 1—c¢ 1
o= (A=t g
2 (1—cs1n‘20) G

To obtain moire fringes, the insides of
split specimens were printed with the squ-
are grating whose pitch is 0.1mm (250
lines/in.). The coating solution and dyeing
stuff are 1. P.R. which are of cil soluble
type. -

To secure the steszdy staote flow, the spe-
cimens were extruded by 10 mm before the
experiment and to obtain the strain rate
in plastic region, they weic exiruded by
1lmm after yielding. Extrusion wes executed
with the extrusion speed of 1.2 mm/min.
And as a lubricant, motor ¢il H.D. 50 was
used. For measuriug the dispiacerzent, the

dial gage whose scale is 0.01 mm was atta-

ched to the extrusion apparatus.

Fig. 2. Moire fringes which are parallel to each other with variation of rotating angles

Rotating angles; 6°, 3°, 0°, 3°, 6° respectively (Specimen No. 6)
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(c) Specimen No. 11

(d) Specimen No. 8
Fig. 3. Distributions of rotating angles

III. 2. Method of Analysis of Moire Fringes

The moire fringes which result from the
superposition of the master grating and the
deformed specimen grating are photogra-
phed with variations of the rotating angles
of master grating from —10° to 10° at in-
terval of 1°.

Before the analysis, rotating the master
grating, the movement of the moire fringes

parallel to each other may be observed.
Then, the growth and the position of the
fringes in the neighborhood of the singular
point can be distinguished and traced with
ease. Examples of each moire fringes are
shown in Figure 2, and the trajectories of
the points where two moire fringes are
parallel to each other are obtained as sh-
own in Figure 3.

And the
line field can be obtained from the distri-

analogous feature of the slip
bution of the rotating angles, as tracing
the tangents of the trajectorics.

The magnitudes indicated along the con-
tour of Figure 6 are the values of the eq-
uivalent strain rates

de.,=(2/v 3 ) des (9)

IV. RESULTS AND DISCUSSION

For the theory of plastic deformation, it
is very important to predict and find the
region of plastic deformation and to eval-
uate the strain rates in that region, which
can be well examined by experiments and
are sufficiently demonstrated by the moire
fringe analysis in this paper.

The moire fringes analogous to the slip
line fields are shown in Figure 4. The
region of plastic deformation is divided into
three parts, i.e., the part which is tri-
angle-shaped and close to the die surface
and has no fringe, the second part which
is the neighborhood of singular points and
has radiate fringes and the third part which
is the middle of the plastic region and has
cross fringes. If the movement of two
families of moire fringes is observed, rota~
ting the master grating and paying atten-
it is found that

the radiate fringes are composed of the

tion to the second part,

folded ones of two families of moire fri-
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(a) Specimen No. 1,2,3

-4

(c) Specimen No. 10,11,12

(b) Specimen No. 4,5,6

nges. So the radiate fringes mean the ra-
diate lines of slip line field. And the dis-
tribution of the equivalent strain rates can
be presumed from the density of moire
fringes, which is high in the second part
and is rare in the first part and become
lower toward the center in the third part.
So it is evident that the moire fringes are
well coincident with the theoretical solu-
tion of the slip line field.

The distributions of equivalent strain
rates which result from the distributions
of the rotating angles are evaluated as

(d) Specimen No. 7,8,9
Fig. 4. The moire fringe analogous to slip line field

shown in Figure 5.

When the axis of anisotropy inclines to
the direction of extrusion, the texture of
the flow metal of specimens appears fib-
It has influ-
ence on the deformation modes and the
In the distributions of the
equivalent strain rates, itis found that its

rous, as shown in Figure 6.
strain rates.

influence becomes remarkable as the in-
clination of the anisotropic axis to the
direction of extrusion and the semi-angle
of die larger, that is, it appears in the
distributions of rotating angles, for exa-
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(a) Specimen No. 2 (b) Specimen No. 6

(c) Specimen No. 11 (d) Specimen No. 8

Fig. 5. Distributions of equivalent strain rates

mple, in Figure 5-(d) of the specimen num-
ber 8.

And it can be found that with the varia-
tion of orientation of specimens to the
direction of mechanical treatment, i.e.,
the axis of anisotropy, the upper portion
of the slip line field becomes larger than
the lower portion, which is in good agree-
‘ment with the result obtained from the
theory of anisotropy.

(a) Specimen No. 7 (b) Specimen No. 9

Fig. ¢. Texture of flow metal

APPENDIX

Slip line field configuration

Fig.

(Hi+ He)/(u+ ha)

A-1. Slip line field configuration and
hodograph for an extrusion; g==20°,
a=15", ¢=0.1, r=0.15



170

The relationships alonz the characteris-
tics for an anisotropic material are given
by
p/2T+g=constant along an a-line
p/2T—g=constant along a g-line (A-1)
where

—%—c-sin 2¢.c082¢

g(g)=—-

(1-7—c»sin2 2¢) :
4 1
+[1—csinog) g (A-2)

Using the above relationship, the slip line
field can be constructed as shown in Figure
A-12,
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