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Abstract

The present paper considers a process of ductile fracture from a

“microscopic point of view on the basis of f low-curve which is obtained

islly for that purpose, This flow-curve is a tensile flow-curve for
strain whose distinctive feature is in its final portion and its

#ted hydrostatic stress-component, Comparing this flow-curve with

two kinds of deformations of the same mode i,e, plane strain, and

of different hydrostatic stress-component, it was found that hydrostatic

#=component greately affects the strain at which internal damage

8, viz, the higher the hydrostatic stress (pressure), the larger is

_8train, This phenomenon is composed of two processes, i.e. improving

uniformity of 'the internal def ormation-pattern' and increasing the

feal local strain at which microcrack appears, Whether this microcrack

#%ow to a macroscopic fracture or not depends not only on the local

#8-state thereafter, but also on 'the restraint of adjacent domains'.

Lo Introduction

~ The process of fracturing of ductile metals by free deformation, such
in case of tensile test, may be divided into three stages:

Initiation of local contraction.

Let us call this stage 'the external limit of cold working*,
3 Creation of microcracks in the material of contracted portion,
Let us call this stage 'the internal limit of cold working',
Growth and aggregation of microcracks to a complete fracture,

The strain of the st

age (i), that is the commencement of unstable
ormation of external f

orm, can be obtained, in principle ( apart from

Member of the Japan Institute of Metals and the Iron & Steel Institute
_ of Japan; Technical Research Institute, NIPPON KOKAN K.K.,, Kawasaki-shi
~ Japan,

’

1837



User
Rettangolo


K. Takase

the practice to solve the problem), from the strain-hardening characteristic

or the flow-curve of the material, But, unfortunately, ordinary existing
flow-curve is not yet sufficient for this purpose.

Limit of Cold Working and Flow.Curve of Ductile Metals

~_ The condition of constant ratios and signs of principal strains has
1808t the same meaning as that of consta

As for the stage (ii), our knowledge is still more obscure, For example, i 18a8-component s (cons1dering Levy-Mises equation and anisotropy),

in case of uniaxial tensile test, which is an ordinary means to obtain a
flow-curve, the stage (ii) is very near to the stage (iii) and it is
hardly possible to locate the stage (ii) in the flow-curve because of the
uncertainty of flow-curve near the fracture,

Hereupon there arises keen need for a new flow~curve which covers
a strain range sufficient for discussing the above problems, Thus we must

begin the study with flow-curve. The materials used for our experiment
are mild steels,2

2. The Flow=Curve

It is generally accepted on the empirical basis that the stress-
strain relationship varijes according to def ormat ion~mode, anisotropy,
hydrostatic component of applied stress, etc,

In the present state of knowledge, the effects of above parameters
« Therefore we need many flow-curves for one material,
Accordingly, the problem arises as to which arrangement of flow-curves is
the most convenient to describe the plastic property of a material, in
other words which parameters are to be adopted for f low-curve,

It may be natural to adopt the deformation-mode as the first para-
meter, and hydrostatic stress-component as the second parameter (the
effect of anisotropy is automatically included in deformation-mode), con=~
sidering Bridgman's (1) experiments under hydrastatic pressure,

2 ., 1 Constant deformat i on-mode

The deformation-mode is defined to be constant when the ratios and
signs of the three principal strains are constant and their principal
axes are invariant with respect to the material. According to this defini-

tion, deformations by torsion or by shear are not of the constant de-
formation-mode,

2. Mild steels and probably almost all steels have tensile yield=-
stresses different from compressive yield-stresses (at high strain
region), In this respect, it is significant to deal with steels,
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Tierefore, all Stress-states of the same deformation-mode are on a haif=-
#l=plane (if there exists no anisotropy, then this is half-plane)

#% edge is CC- which is the axis of symmetry for principal stress-

# (Fig, 1). It must be emphasized that it is a 'half' - quasi - plane,

?&g opposite production of this half-quasi-plane is never of the same

Wﬁmuon-mode. Only in case of plane strain, the opposite production
 Blao of

Preduction of uniaxial tensile deformation is of uniaxial compressive

st emation which is equivalent to bi-equiaxial tensile deformation,

W«a induced by those def ormationg,

+ # Bffect of hydrostatic pressure.

_The followings are Bridgman's conclusions for uniaxial tensile de-
tion by experiments under high pressure,

B increasing hydrostatic pressure. This effect is small for small
#4ins, but becomes larger and larger with increasing strains,

ii) The maximum tensile load?® increases with hydrostatic pressure,
ts corresponding strain i.,e, the strain at the commencement of local
tzaction is almost independent of hydrostatic pressure, and also after

ommencement of local contraction, the profil of locally contracted
fon is almost indenpendent of hydrostatic pressure,
111) The fracture-strain (in logarithmic strain) increases linearly>
increasing hydrostatic pressure.
iv) Under the same uniaxial tensile deformation-mode, the flow-stress
#mospheric pressure is almost independent of the hydrostatic pressure
estraining,
 ¥) Under the same uniaxial tensile def ormation-mode, the extra strain
 iFacture on second pulling at atmospheric pressure increases with the
‘ostatic pressure of first pulling.

In this case, it means uniaxial tensile stress excluding the hydro-
“static pressure (not component ), Theref ore, it means the flow-stress
#xpressed in equivalent stress,

t means uniaxial tensile load excluding the hydrostatic pressure,
According to Pugh and Green (2), this is not always linear.
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nt ratios and signs of deviatoric

plane strain, but not of the same deformation-mode, The opposite-

¢ircumstances may well be recognized considering the plastic anisot-

1) The flow~stress3 under high hydrostatic pressure increases linearly
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Among the above conclusions, i), iv) relate to flow-stress, ii)
to external limit of cold working, and #i), v) relate to internal limit
of cold working,

In Fig, 1, conclusions i) and iv) are expressed in the current front
of plastic yielding AA_, Namely, in the half-quasi-plane of uniaxial
tensile def ormation, independent of loading path, the material yields when
the stress-state attains the line AA- whose inclination against CC~ is
little when the strain is small, but becomes larger with increasing
strain,

It may be quite natural to infer that above statements hold for any
deformation of constant mode, Then considering that CC- is the axis of
hydrostatic stress-component, flow-curve can be determined uniquely, when
the deformation-mode and hydrostatic stress-component are given.

2.3 Tensile flow-curve for plane strain
For easiness’
In this case, sever
them the one
shed. But thi
fracture,

sake of experiment, let us consider plane strain problem.
al methods are available to obtain f low-curve, Among

due to Watts and Ford (3) may be the most precise ever publi-
S may be somewhat inconvenient for the purpose of discussing
because of the stress-state employed in it,

rched for a new flow-curve with tensile stress-component
sufficiently high strain state to discuss fracture.
y utilizing Bridgman's conclusion

Thereupon we sea
and yet available to
Thus we have developed a new flow-curve b
iv) in 2 | 2,

The principle of its method of obtaining is shown in Fig, 2, It may be
noteworthy that the preparatory compression and the subsequent tensile
test are nearly of the same deformation-mode because of the shape of the
compressed portion, when the strain of this portion is above a certain
value, This is suited for the application of Bridgman's result. Thus we
can obtain 'a tensile flow-curve for plane strain' which has in general
the form as shown in Fig, 3.

In the figure, A indicates the yield point (the double line represents
co-~existence of two states: one before yielding, another after yielding).

6. In this paper, we utilize consistently 'r' (reduction in thickness in
plane strain deformation) as the measure of strain. This r can be
converted to any other expression of strain through the expression of

equivalent strain,
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% the general elongation point. C and D are the points placed for con-
nce ( C is near B and D is near E ). The curve is, in general, fairly
gt between C and D. The slope of CD is almost independent of the
of steel, B is the maximum point, in the proximity of which damaging
ihs material begins by the preparatory compression., A little before B,
 the {lanks of specimen, there start minute cracks which will cause
#ture break-down of the specimen (therefore, these minute cracks

@bt be ground off here), At F, the specimen breaks down completely by the
tation of cylinders, This point does not appear in most mild steels

govd quality,

_ The region E - F may be called 'the damaging part of flow-curve ' which
#sent the internal limit of cold~-working by preparatory compression,
k88t of the flow-curve is 'the non-damaging part' which is to be
#rmined mainly by the general elongation point, because of the invari-
1ity of CD's slope.

The hydrostatic stress-component associated w
_ primary importance according to Bridgman's ¢
hydrostatic component is almost unaffected by the geometrical con-
ation of preparatory compression (within a certain range), but is
iderably affected by the lubricating condition between the cylinder and
$pecimen, A normal course of hydrostatic stress-component during the
Fatory compression is shown by the curve C in Fig, 5 (Takase (4) ).

ith the damaging part
onclusion iii) in 2 , 2,

General aspect of flow-curve.

Generalizing the results of 2 . 3 and comb
€onclusions of Bridgman's experiment @,
the general aspect of flow-curve for a def
Some explanations must be given about Fig,
ent is designated hereafter by 'p' taking ¢

ining this with the genera~-
2), we obtain Pig. 4, which
inite constant deformation-
4 (the hydrostatic stress-
ompression in positive

1h1

i) Yield-point and the flow-str

#lmost unaffected by p,

i1) General elongation point: The strain of this point is little

#cted by p, but the stress of this point increases with P.

#f) Straight part: The stress (corresponding to the same strain)

Feases with p, and the slope increases at the same ratio,

In other words, the relative strain-hardening rate d&/dr/ 5 is

tle affected by py from the region including general elongation point

fairly high strain, say I = 60% (see Fig, 6, Note: & = 1 corres~

pds to [ = 58%), For very high strain region, however, such a relation

Ay not hold, and the relative strain~hardening rate increases with P
. 6).

s iv) Damaging part shifts to higher strain with increasing p,

ess in the neighborhood of yield=-point
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3. Internal Limit of Cold-Working

As mentioned in 1, we can conceive two categories of limit of cold-

working, i.e, external limit and internal limit, The former can be obtained,

in principle, from the non-damaging part of flow-curve, and as it is not
directly connected to fracture, further discussion of this problem may not
be necessary, But there remains several essential problems to be solved
concerning the problem of fracture,

One of them is 'the restraint of ad jacent domains', With the initiation

of unstable deformation, there may occur a change in strain-distribution.
The restraint of adjacent domains is a general term given by the author to
any circumstances which impede the change in strain-distribution, when
otherwise the external limit of cold-working will arrive, As for examples
of this factor, we can mention rigid face of tools, friction, strain-
gradient, 'closed shape' (as in shrinking flange in deep~drawing), etc,

The internal limit of cold-working is not necessarily connected with
the external limit. Under certain restraint of ad jacent domains, the
internal limit occurs without the external limit., This is the case when
the material deforms between rigid tool surfaces. This kind of deformation
is very convenient to the experiment of the internal limit, because final
sudden rupture of the material can considerably be separated from the
internal limit, One example of this case is the preparatory compression
of the flow-curve of 2. This is plane compression by cylinders.

The experiment for discussing the internal limit on the basis of this
flow-curve must be so chosen that the deformation-mode and the restraint
of adjacent domains are respectively same as that of the flow-curve, to
avoid the confusion in argument. Thus we have chosen two kinds of deforma-

tion for comparative experiment, i,e, rolling of strip and ironing of cylin-

drical shell. These deformations are both of plane strain and are accom~
plished between rigid tool surfaces, consequently under the same restraint
of adjacent domains,

3 . 1 BExperiment of plane strain

As already been described in 2 , 3, by plane compression between

cylinders, internal damage of material begins near the strain of E, but

by rolling of strip, internal damage of material cannot be observed even
at strains far higher than those of E - F, except on edges of strip where
small cracks are observed near the strain of B, By ironing of cylindrical
shell, the strain just prior to the fracture by ironing with reduction-
schedule composed of pass-reductions near theoretical maximum (I ¥ 63.2%),
falls in the vicinity of the strain of E, when the pass-reduction at the

moment of fracture is fairly below the theoretical maximum (one single pass
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% certain range of pass-reduction because of the taper of mandrel),

‘#rual damage appears without rupture of the draw-piece when the total
#4in has attained near the strain of B,

The difference between above three deformations can be carified more
i feetively by microstructures. For example, in mild steel of ferrite-
W&ita-stmeture (photo 1), pearlites deform evenly by rolling (photo 2)
#aiept at the edges of strip where pearlites deform with local contrac-
fans often accompanied by microcracks (photo 3), By compression between
yiiaders and ironing, the circumstances are the same (photo 4, 5, 6) as
the edge of rolled material,

These distribution-state of internal deformation may be termed
he internal deformation-pattern’,

4 Interpretation of the results

Since the above three deformations are of the same deformation~-mode,
g,ﬁt’u is no difference in deviatoric stress-components, and the difference

¢ only in hydrostatic component. As for the restraint of ad jacent
%kns, there is no difference as already been mentioned., The effect of
L#aln-gradient due to the configuratiom of tools may be negligible for
he minute domains like the extent of a pearlite grain,

Therefore, the above difference of internal deformation may be con-
i;i red to be caused mainly by difference of hydrostatic stress-component,

¢om this peint of view, the above phenomena will be interpreted as
Liows,

The hydrostatic stress-components are:
- (i) Plane compression by cylinders (Takase (4)):

P=000 ~0.2G

the strain-region where the damage of material can be seen, The coef- -
fieient of friction between the specimen and cylinders is assumed to be
O 0, the yield-stress expressed in equivalent stress, is
#dopted as the unit of Py, and positive sign means compression., The p in
ourse of compression is shown by curve C in Fig, 5.

(ii) Rolling of strip:
/ —
p=(z+tx)7
( P a0
where ( is due to the friction between rolls and specimen. The p in
£ourse of rolling is shown by curve Ry Ry........ in Fig, 5.

1

except at the edges,
at the edges,
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(i) Ironing of cylindrical shetl:
p = (';_3L+'3) G at the entrance of die,

P > — 7-3’- o at the exit of die,

where @ is due to t he friction between the draw-piece and mandrel and
the taper of mandrel. The p in course of ironing is shown by curve

I1 I3 woiicin, in Fig, 5.

Curves S, and Sp show the internal limit of cold-working of steels
A and B respectively (steel A may be considered to be of bad quality, and
steel B, of good quality),

Let us make the interpretation taking steel A as the example, Now the
Curve Ry Ry ..... crosses curve Sp at A7 where

point B for steel A is Ep.

steel A is to be damaged internally by rolling, The strain of A7 is far

;xfgher than that of Ep. Therefore, internal damage hardly occurs in rol-
ing,

In ironing, when we take the theoretically maximum pass~reduction,
curve Sp crosses with curve I; at Aj, but the draw-piece does not
rupture at this point, and after some ironing, ruptures at Fp1. The strain
of Fpy is not decisively below that of F; ( = strain of the theoretically
maximum pass-reduction that is somewhat higher than 63,2%), ’I‘hete;ore,

the ironing éXperiment is continued on to the second pass ( # I3)’ in
which the draw-piece ruptures at FA3 whose strain is fairly below the

Strain of F3 and is near the strain of By,

. When the bass-reductions are moderate as shown by the upper curves,
internal damage does not appear until A4 of the fourth pass which is very
near to E , but the draw-piece does not rupture in the fourth pass and
can be transferred to the fifth pass Is. In the upper part of I5, the
microcracks which have appeared at A4 can be healed and disappear, and
then at A5, the microcracks reappear (mostly at the localities different
from the formers), These circumstances were verified by observing that

the direction of microcracks is always nearly 45° to the direction of
ironing and to the direction of wall-reduction,

7. The pass-reduction at the beginning of the

below the bass~-reduction at the
the taper of mandrel,

second pass is a little
end of the first pass, because of
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may partly be ex-
ined utilizing Bridgman's result (Fig, 6), The sample used in his
iment was tempered pearlite of SAR 1045 steel (this is somewhat dif-~
#iant from ordinary pearlite, but the circumstances may be the same),
¥ig, 6, the relative strain-hardening rate is affected by p when
{ (see 2,4, iii)), Thus the relative strain-hardening rate increases
#ith p in high strain region, Therefore, the local deformation is impeded
} #, accordingly the strain (measured by externmal dimensions) at which
tocracks appear, increases with P. The above explanation is also
swoured by Bridgman's conclusion (v) in 2 , 2, Here must be mentioned
her concealed phenomenon, i,e, the critical amount of slip for the
tion of a microcrack is also considered to increase with p, This may
been perceived in the explanation of ironing limit,

4 Conclusions

i) Fundamental parameters for specifying a flow-curve are deformation-
4nd hydrostatic stress-component. The concept of ‘constant deformation-
is very important for treating the problem in a definite form.

41) Limit of cold-working can be classified into two categories, i,e.

1 external limit' and 'the internal limit', The former is concerned
#ith the unstable deformation of external form. The latter is concerned
iith the unstable deformation of internal structure and is connected direct-
} to fracture,

iii) A new flow-curve is developed, This flow~curve is composed of
0 parts, i,e, non-damaging part and damaging part, The non~damaging
concerns with the external limit of cold-working and the damaging
concerns with the internal limit of cold~working,

iv) The internal limit of cold-working is composed of two processes,
M first, there occures locally concentrated deformation in the internal
ructure and then, microscracks appear at localities of concentrated
deformation. The distribution state of local deformation is termed 'the
internal deformation-pattern’,

. v) The internal limit of cold-working is greately affected by hydro-
#tatic stress-component. The internal deformation-pattern becomes uniform,
4nd the critical local strain for the creation of microcrack becomes larger
with increasing hydrostatic compressive stress-component, Thus the internal
tnmit of cold-working can be much improved by high hydrostatic pressure
omponent of applied stress,
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vi) The microcracks of internal limit of cold-working do not neces~

: I3 . . 2
sarily develop immediately to a macroscopic fracture, It depends on the <
stress-state thereafter and also on 'the restraint of ad jacent domains’, ’:: i~ o ?’
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Fig 6 Effect of hydrostatic pressure upon flow stress
( by Brioeman) and upon relative strain-hardening
rate ( supplemented by Takase )
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Photo 1 Annealed state (0,15% C steel), Photo 4 Center of compression by cylinders
x 250 (I =84%, near the fracture),
x 250

Photo 2 Center of cold-rolled specimen Photo 5 Ironed specimen
(I =85%), x 250

(T =86.5%, near the fracture),
x 250

Photo 3 Bdge of cold-rolled specimen Photo 6 Ironed specimen
(r=85%), x2s50.

(I=63%, maximum pass-reduction),
Arrows indicate microcracks x 250
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