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Abstract

This paper presents a comprehensive view of the shearing procedure
attained by detailed observations.

In order to provide a fundamental approach to blanking operation
in general a simplified shearing model with scissors-like tools is pro-
posed and treated in detail in the first half of this research. According
to this model, the penetration of the tool can be resolved into three
imagined constituent components, and by means of this resolution, a
new interpretation of the shearing performance has become possible.
The same model is analyzed theoretically in which slip-line solutions
consistent both kinematically and statically could be proposed. The
phenomena occurring in various blanking processes will be adequately
understood by taking account of their own external constraints and so
modifying the scissors type shear.

In the latter half, behavior of metal in the circular blanking has
been investigated. A particular visioplasticity and a strain gauge method
are employed for the observations of material flow. It has been found
that the time when the ultimate crack initiates depends on the discon-
tinuity of average radial velocities of material across a boundary of the
product and the scrap.
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Nomenclature

(1) Symbols which appear in Part | and 1

Referring to Fig. 1, the symbols are defined as follows;
to : thickness of material
s : tool advancement, penetration
c : clearance
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: cotact width (the contact area on

the tool face divided by the profile
length)

: contact width (on the tool mantle

face)

: rotative displacement of rigid parts

of the material

: gauge length measured in the lon-

gitudinal direction of the specimen
(the fiducial grid lines being marked
on both rigid parts)

: step of the rigid parts produced by

shifting motion of the material mea-
sured normal to the general surface
of the material

indentatation of the tool into the
material

vertical gap of both cutting edges

Symbols of the calculated values are

defined
S1
S2
S3
-1y

as follows.

longitudinal direction.

Material

Fig. 1. Definition of symbols.

: “effective shear component” of the tool advancement
: “indentation component” of it
: “rigid body rotaiton component” of it

: separation of the rigid parts, that is, the elongation of the gauge length in the

Specific value of length relative to the material thickness #o is denoted by adding
a bar above the letter, e. g., the non-dimensional value of w is w.
As to the forces, the following symbols are used. (ref. Fig. 2)

Po
Pv
Pu
Ty

Tu

: hydrostatic pressure prevailing in

the material

: pressure on the tool face
: pressure on the tool mantle face
: frictional force on the tool face per

unit profile line length

: frictional force on the tool mantle

face per unit profile line length

Ty=kecos 2r : frictional shear stress on the

tool face

Ty=~k-cos 28 : frictional shear stress on the
tool mantle face

7, 0 : inclination of the f-shear line to the

k :

tool face
yield stress in simple shear

(2) Symbols used in Part T

€r, €9

r, z

: radial and tangential strains in cylin-

drical coordinates

: the inclination of originally horizon-

tal grid line in the meridio-sectional
plane of the material

: radial and axial coordinates on the

meridio-sectional plane

: radial displacement of the material

Tool ¥§ﬂ

to~S

‘Material

Fig. 2. External forces acting on the
material.
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= . dial fl f 't' au = au’/aT = . ._@_2!._ T=1tj
v=09u/gs : radial flow of it, where 5s ds/d7(=punch speed) const. X e (t=time)
1 : average radial velocity over the thickness
v¥ : the discontinuity of #s between the scrap side and the product side estimated

by extrapolations of their radial distributions, a measure which expresses the
flow into or out of the clearance zone.

Introduction

In those days when the shearing was regarded simply as a preparatory process
of material-separation, it was thought that the optimum condition of the process
would be attained by making two cracks which start from upper and lower cutting
edges to meet together so as to make the work required minimum as well as to
give a good finish to the surface separated.!~® Recently however, with an increas-
ing demand for the functional accuracy of a sheared component, it has become
important to make the sheared surface square and to have enough dimensional
accuracy.*~1®  Thus, due to the natural multiplicity of the aim of the processing
as well as the difficulty in the analysis of an unsteady deformation in a very con-
fined zone of the material and that of a fracture which follows, papers published
which could give a general and unified view of the process seem scarce.l1~27

In order to understand the shearing phenomenon comprehensively and systema-
tically, it would be useful to grasp the deformation referring to some typical
models. In this research, as the most basic type of shearing a model of the
“scissors type” shear is considered where a sheet metal is severed by nipping it
with two cutting edges only, otherwise unconstrained. If in a practical operation
the external constraints imposed on the material were removed as far as possible,
namely, if the process were wholly conducted by an upper and a lower straight
cutting edges only, the process would make the material to deform as to keep the
work necessary minimum, Though this type of shearing would be regarded as of
typical, it could include fundamental phenomena in many shearing processes of prac-
tical use. Thus, detailed observation and a suitable analysis of the “scissors type”
shear are considered useful to attain an essential view about the basic mechanism
of deformation and fracture in the process in general. The phenomena occurring
in various shearing processes, which include shearing with straight blades, profile
blanking, finish blanking, bar cropping and so forth, would be adequately understood
by taking account of their own external constraints in excess and so modifying the
scissors type. In view of the similar understanding, Tumomenxo (1977) said that in
order to understand the shearing phenomenon systematically the constraints imposed
on the material in the process should be considered.28)

The observation of the deformation along with this line has been carried out
on some plastic model material and alminium sheet metals where a photoetched
grid method were employed. Thus, characteristic features in this type of shearing
have been clarified for the first time. This will be referred to in Part [. In this
part, it is clarified that allowable rotation of material peculiar to this type makes
the tool to indent more easily by shifting two portions of material. As to charac-
terize the sequence of deformation, increments of the tool advancement were
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considered as composed of three components. And, it was thought that balance of
these components could determine the process performance,

In view of this new approach mentioned in Part ], an attempt to establish the
kinematics of this process were made, its result being presented in Part ]. In this
theory kinematically and statically consistent slip-line solutions are proposed. They
deal with the four discriminating stages in a process, and four kinds of the fields
thus obtained could be joined each other without any abruptness. On the basis of
the proposed fields meaning of each resolved component above stated is explained.
Thus it has become possible to estimate the process of punch load as well as the
width of contact zone.

In a blanking of sheet metals, the material undergoes more constraints than in
the ‘“scissors type” and so the behavior of material appears to depend on the
severity of these constraints. In this view point, Part ] refers to the mechanism
of the circular blanking. In this part also, observation of the material behavior
during a process is presented. But, since a blanked component usually takes a closed
contour, the existence of the contour’s curvature makes the process more compli-
cated.1%, 20, 29~31)  So, difficulty in analysis arises partly from the preparation of
test specimens which can be sectioned and reassembled in order to observe the
deformation grid during the process.

In this investigation, by employing a visioplasticity and a strain gauge method
the flow of metal during the blanking of closed contours could successfully be
studied. The procedure of circular blanking has been clarified on the basis of the
knowledge of this metal flow throughout the deforming zone.

After all, the whole schedule of this investigation aims at a comprehensive
view of the shearing including blanking and piercing.

Part . Experiment on the Scissors Type Shear 32

1. Introduction

In this part, an experimental result on the “scissors type shear” of aluminium
piece is presented. The process, from the beginning to the stage of crack initiation
in the material, was observed closely. With this observation, it was proved that
this type could show a representative pattern of material behavior essential to the
shearing in general.

It has also been clarified that the advancement of the tool can be imagined to
cause the rigid body rotation of the material as a whole, the relative shift and the
indentation. The existence of the rigid body rotation is significant due to its
facility in advancing the tool. Further, a new interpretation of the shearing perfor-
mance according to the ratios of these three component displacements has been
suggested.

2. Condition of Expeirment and Method

Aluminium metal pieces of 4.0 mm thick, 60 mm width and 60 mm length were
cut from the sheets of standard size and tested by the scissors type shearing with
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an experimantal tool set which was composed of an upper punch having double
straight edges and a suitable lower die. In order to visualize the deformation
during a process, test pieces were cut lengthwise into halves and a square grid of
0.5mm mesh was photoetched on one sectional plane.

Scissors type shearing was realized by splitting the test pieces further into
halves at the middle of their length. Table 1 shows the condition of experiment
and Table 2 the mechanical properties of test sheet.

Fig. 3 shows a sheme of the experimental tool set where () indicates the upper
punch; @ the test specimen and /3> the lower die. In accordance with the lengthwise
division of the specimens a split construction into halves is adopted each for the
punch and for the die. At any instant of interest in a process, the driving unit

Table 1. Experimental condition. Table 2. Mechanical properties of test
sheet.

Tool angle : 90°

Material : SKD 11 Material : Aluminium (A 1100 P-H 14)
Hardness (HRc) : 60~62
Roughness (Ra) : 0.02 xm

Tool
Dimension : 4.0mm X60, 0mm x 60. 0mm

Hardness (Hv) : 33.6
0.2% proof stress : 10.20kgf/mm?

Shear type : Scissors

Clearance : 5%, 10% and 15% of Ultimate strength : 10.83kgf/mm?
specimen thickness Strain hardening exponent : 0.031

Lubricant : Johnsonwax No. 151 Uniform elongation : 3.2%
Punch speed : 0.25mm/sec Elongation : 15.0%
Temperature : 20~24°C

Humidity : 52~60%

Reduction of area : 56.8%

can be stopped and the front half of the W

tool set was wholly removed from the g
position so as to reveal the grid on the .

sectional plane and its distorted geometry 7
at that instant is photographed.

The punch holder ® is connected to » _,,A@ B
the elastic diaphragm of a force-measur- T
ing unit inserted in the force-transmission ‘ /A®‘B
system. Deflection of the diaphragm is : ﬁ —
detected by foil strain gauges attached on N A@,B
it whose output was calibrated by known
loads. % *A@

Fig. 4 shows the load diagram of an
interrupted and repeated process. In this . A @
figure, if the second interruption point at
dn, for instance, is a moment of interest,
the machine is stopped at dn and after
the unloading of dn to st a grid photo-
graph is taken.

punch edge 2. specimen

. die edge 4. punch shank
die bolster 6. punch slide
frame '

rear half B. front half

Fig. 3. Scheme of experimental tool set

BN U
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Fig. 4. Load diagram of interrupted and repeated process.

3. Result and Consideration

Fig. 5 shows three patterns of deformation observed as typical in shearing
processes. (a) is the scissors type, (b) the shearing by the constrained scrap ends

(b) Shearing by constrained scrap ends

(c) Shearing by unconstrained scrap ends

Fig. 5. Three patterns of deformation observed as typical in shearing processes.
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and (¢) the blanking by the unconstrained scrap ends. It will be seen that the
blanking in general which resembles the case of (¢) is a mixture of (a) and (b).

The dashed lines in the figure are the borders of the deformed zones on rigid
zones. They were estimated by overlapping the negative films taken at neighbour-
ing two stages and by matching the grids of their undeformed portion.?®

3. 1. Process of the scissors type shearing

Fig. 6 shows the development of inclination of the rigid zone during a process.
At start, as the punch advances, the material in that portion seems to rotate
wholly and almost abruptly, keeping itself rigid, to an inclination of prescribed
amount which depends on the tool clearance ¢ and the thickness ¢, as follows;

wy=sin"1(¢/%).
At the end of this rigid rotation as a whole, advancement of the punch is only

szto{l_\/m}-

30 Clearance P
—0— 5% ’
%* 25F  ——0-—10% )/ _
& ———15% ‘/. /o”o’
8 0l .{/’"
3 //

&
D
R

N

[

b a R | Tool

Rotation angle
fa
o

5 } Approximate point of 4
crack initiation s \
- Dimension (mm)
[ L 1 L 1 L b = 0‘ 13
0 10 20 30 40 50 60 é =0.004 Tool
Tool advancement s (%) 8 =0.024
Fig. 6. Development of inclination of rigid Fig. 7. Piling up of surface material,
zone of material during a process. proved by means of interference

fringe pattern taken from surface.

The stage which follows is the indentation of the cutting edge into material.
This causes a superficial plastic deformation and the rotation as a whole seems
virtually to cease. Fig. 7 shows a slight piling up of the surface material at this
stage being proved by means of the interference fringe pattern taken from the
surface. Fig. 8a shows the possible deformation zones at this stage. As the punch
advances, the material continues to rotate wholly, two portions of it being squeezed
by the tools.
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w : Rotation angle

w : Contact width

4s : Increment of tool advancement
41 : Increment of separation

4h : Increment of step

Fig. 8. Possible deformation zones at two stages in scissors type shearing.

Fig. 9 shows the increase of contact
width w caused by penetraton of the
tools during a process. As will be ex-
pected, it increases abruptly at the be-
ginning of the deformation, but there-
after gradually. The value w at the
changing point from abrupt to gradual
can be estimated theoretically, which
will be referred to in the next part.

When w/(ty—s),— the ratio of the
contact width and the vertical gap of
the edges —, reaches a particular value
determined by clearance and lubrication,
the plastic deformation zones, originat-
ing from both edges, become united, and
penetrate through the material as shown
in Fig. 8b.

w (%)

B 1%
(=] (]
T T

[
(=3
T

Contact width

10

o

Lo

2T

Clearance

[e]

—o— 5%
20+ ——0-—10%

——e-=15%
{ Approximate point of
crack, initiation

0 10 20 30 40 50 60
Tool advancement 3 (%)

Fig. 9. Process of contact width w.

At the beginning of this stage, the surface of the material between two boun-
daries shown by the full and the broken lines in this figure roll over.

Through this main deformation stage during which the plastic zone spreads
over the thickness of the material, the rigid parts of the material existing at both
ends separate away (the separation in the longitudinal direction of the specimen is
denoted by 4I) and at the same time shift one another (the step measured in the

normal direction, 4%).
continues, as shown in Fig. 6.

During this stage, the rotation of the rigid parts ever
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Fig. 10 shows the separation of the rigid zones after this stage. This is taken
from the grid points in the observed section. It has been proved that, the smaller
the clearance, the earlier the separation occurs.

The step #-made by the material shifting naturally increase with the advance-
ment, as shown in Fxg 11.

‘ “Clearance RGN
=F SEo ' -  Clearance
€ | —oem 205 s £330} e,
F1op T g , b —o-— 10%
I /,0’ ‘ o 155 »
a: . . L
g ‘ o Approximate poin -
“% ° /} Approximate point 5101 4 of crack /O"Lj_/o/’/
OO -
§ )/ of cggck initiation initiation =@ —
j=N |// 1 L ! L
80 90 20 30 40 50_ 60 0 10 20 30 4 30 _60
Tool advancement & (%) ool advancement = § (%)
Fig. 10. Separation on rigid zones. Fig. 11. Step made by material shifting.

In Fig. 9, it is shown that, whereas the curve for the case of a clearance of
5 9 increases more rapidly at the beginning, it approaches to the other curves in
the ultimate. Cause of this tendency will be explained theoretically in the next part.

3. 2. Role of the rotative displacement in the deformation of maierial

According to the preceding section it is evident that the rotation of the mate-
rial against the tool is a characteristic feature of this shearing process. Thus in
this section how the existence of this rotation influences the shearing mechanism
will be explained, on the basis of certain sharing models proposed.

The vectors, shown in Fig. 12 and
13, represent the velocities of tools and
the rigid parts of the material with g0
respect to the origin O which are ima-
gined at stages of Fig. 8a and 8b res- i
pectively.

The hodographs in the cases of Fig.
8a and 8b will be classified respecti- As
vely into certain versions according to
the extreme deformation patterns.

In Figs. 12 and 13, the symbols
utilized are defined as follows;
4ds : vertical increment of the relative

displacement of upper and lower

tools, (1) without a rigid (I) with a rigid
dw ; the increment of rotative displace- body rotation body rotation

ment of rigid parts in the material,  Fig. 12. Velocities of tools and rigid parts
4f : the vertical increment of indenta- of material with respect to origin

tion of the tool O which are imagined at stage of

(when the rotative displacement Fig. 8 (a).
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e JAg sf
N [ P g 1
AT
hs
2 Asy
A N Z
0

0

(1) no a plastic indentation, no rolling
over and no rigid body rotation

(1) the indentation and the rolling
over except a rotation

Asa,t
2
bg,
2
AL Ag *
K2 ey
AR it 2 ;A_g.é O’ : Virtual velocity in the right

5 \w ; rigid zone when it extends to
the position O

0 Asy = '532’1 + A8y, (I[) the all possible displacements exist

Fig. 13. Velocities of tools and rigid parts of material with respect to origin O
which are imagined at stage of Fig. 8 (b).

exists in a hodograph, the velocity at the border end of tool-material contact
is taken as representative.),

4l : the increment of the separation of the rigid parts (in the longitudinal direction
of the specimen), :

4h : the increment of the step of the rigid parts (measured normally to the general
surface of the material).

The deformation patterns possible in each case are assumed as follows.

In the case of Fig. 12 the deformations are classified into (]) one without a
rigid body rotation and (]) one with rotation.

In the case of Fig. 13 the deformation would be possible in either of the follow-
ing types; (1) no plastic indentation under the tools, no rolling over of the free
surfaces and no rigid body rotation exist (only the separation and the step making
displacement exist); () the indentation and the rolling over except a rotation
exist; (If) all the possible displacements exist.

In (1) of Fig. 12 the velocity of the lower tool is indicated by black circle and
that of the rigid part by white circle (which coincides with the origin O in this
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case). In (1) of Fig.12 the velocity of the rigid part is represented by its border
shape because .of its rigid body rotation.

In constructing Fig. 13, it is assumed that the rigid parts of the material can
move horizontally by c¢-4s,/2t, so as to bring about a movement to fill the clear-
ance zone.

By comparison of the deformations with and without a rotation, it will be
clarified that an existence of rotation makes the indentation and the shift easy so
to minimize work done by the tools.

Therefore, it is supposed that the real deformation of the scissors type shearing
would occur under the condition of (][) in the case of Fig. 12 or (I[) in Fig. 13.

3. 3. Interpretation of the deformation mode (Resolution of the tool
penetration into the constituent components)

From the above-stated consideration, it would be said that the deformation of
the scissors type shearing does not occur under a pure shift only nor under a pure
indentation only, which latter case, by two opposed knife edges, has been studied by
Tamura et ¢l.3%, but it occurs under a mixed condition of the aboves together
with a rotation. Thus, a process seems to so develop as to minimize the necessary
work by making these typical deformations coexist.

So, in order to grasp the performance of a shearing process systematically, it
would be useful to realize how these typical deformations play parts and in what
ratio they occur in generating a sheared surface.

In the following, an analysis of the constituent components of tool advancement
will be explained. The step 4k or the separation 4/, which is imagined to take
place incrementally in a real shearing operation, should always be smaller than
that in the extreme case where the process develops by indentation only or by step
only. In this analysis, an increment of the punch advancement was thought to
consist of the following increments which could be calculated from the experimental
values of 4s, @ and 4h; i. e. the “effective shear component” 4s;, which is a
supposed advancement of the tool by solely making the step, the “indentation com-
ponent” 4s, that of the tools by solely pushing its way through material and the
“rigid body rotation component” 4ss. A knowledge of the proportion of these
components during a process would make it possible to characterize the shearing
performance because one can discriminate the deformation mode by ratios of them.

1f it can be imagined that a deformation takes place by individual constituent
increments 4s; etc. each, the material would be effected as follows. The “effective
shear component” 4s; would contribute to bringing about the macro-shear which is
the essential purpose of the operation, namely concentration of the strain rate in
the clearance zone. The “indentation component” 4s, would contribute to the
penetration of tools through the thickness of material, and determine the distribu-
tion of the hydrostatic pressures in the thickness direction. The “rigid body rota-
tion component” 4ss would facilitate the shearing process by minimizing material
deformation as mentioned before. These typified properties of constituent incre-
ments are enumerated in Table 3.

Referring to the hodograph in Fig. 13 (I[), 4s; will be obtained by the follow-
ing equation in which the experimental values of 4k, w and ¢ are considered to be

given.
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Table 3. Explanation of deformation mode
(analysis of constituent components of an incremental advancement of tool)

13

Component 4s1 sz 4ss
S (Effective shear) (Indentation) (Rigid body rotation)
This component con-| This component con-| This component has
stitues the macro-shear| stitutes the penetration |the property that faci-
in accordance with the| of tools through the |litates the shearing pro-
essential purpose of the| thickness of material. It |cess by minimizing the
Feature . . .. . .
shearing, namely concen-| determines the distribu- |material deformation.
tration of the strain rate| tion of the hydrostatic
in the clearance zone. pressures in the thick-
ness direction.
P
specimen
Diagram
dig —~]
/
2
L+ A%
dsg=
Ah—L-Asy- sinw
Equation _ T Ahesinw As Asz=As— (ds1+ 4s2)
dsy1= 1 to
cos w (Al—~ )—
cos w w

Aslzdk/<cos w —}-—% sin w)

0

@.

As shown in Fig. 13 (I), in spite of the fact that the indentation 4f does not

exist, a slight separation 4/; occurs according to the inclination @ of the material
as tool advances by 4s;. Thus, to attain the ‘“indentation component” 4s;, the
separation which is the above 4/, subtracted from the real value of 41 should be
considered in order to compensate for the pushed-through volume indicated by
shaded area in the figure of the column 4s, of Table 3. So, 4s, would be able to
be calculated by the following equation.

Since the pushed-through volume is:

A:Asz.w:{az—(diz- sin w--—;—ASl>/COS wlty,
0

)

Finally, the “rigid body rotation component” 4s; is obtained by subtracting the
so far estimated two components from 4s.

Fig. 14 shows in what proportion 4s;, 4s, and 4s; calculated by above equatlons
change as the tool advances, where a clearance of 5 % is taken as an example.

Zo

to'tan w—=C
w

ty+cCcetan w

ASZ:{AZ—Ah< ).
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As the tool advances, the following o ones 58
processes are experienced. In the rigid Lubricant; Johnson-wax
body rotation stage immediately after constituent component
the process beginning, the tool can ad- of tool ?dvalg:imem
vance by leaning on 4s3; only. From the 100 e 853
beginning of the deformation stage, 4s, o [ O des
occupies the most part of 4s. For a 3 i T ) o
while after that, the indentation 4s, 3 w0 Y f AE‘%‘E’EZ???&%%’;&@
continues to dominate the others. When 3 \,\
the tools get at nearly 40% of the . o
thickness, 4s; comes to about 80% of 0 2 3 4 150 60
4s, and soon after a stage of 45¢%, a Tool advancement s %
crack initiates in the meterial neigh- Fig. 14. Change of proportion 4sj, 4s;
bouring to the cutting edges, and during and 4s3 as tool advancement.

its propagation, 4s—~4s;.

This type of analysis, in which, by
resolving the tool advancement into three components, the deformation mode in a
shearing was typified would be applicable to any shearing process other than the
scissors type. It will be thought that change of the ratios of the components may
be replaced by change of the constraint which will be exercised in the general
shearing operations.

The axi-symmetrical blanking was dealt with in Part |, and it will be clarified
that the constraint of the material movement in the radial direction controls the
deformation mode. In this case, material separation 4/ could not take place easily
because of the difficulty existed naturally in a centripetal or a centrifugal move-
ment. And so the material becomes more constrained than in a straight scissors
type shearing. Thus, to what degree this constrained radial flow is admitted in a
blanking is important in considering the shearing performance. This point of view
relates closely to how much of the tool advancement was possible by an indentation
4s, in a scissors type shearing. Further, the rising of the scrap end off the tool
face and the warping of the product, which always accompany with the blanking,
are nothing but versions of the rigid body rotation 4s;.

3. 4. Relation between the load diagram and the balance of the tool
advancement components

~ In this section, it will be shown that in the practical scissors type shear the
increase of the working load with tool advancement would be less than either of
those in the imagined shear carried out only by the shift 4s; or the indentation
4s,.

Fig. 15 shows the load diagram, where 5 % of clearance is taken as an example.
Now, looking on the load diagram in the vicinity of the penetration of s,, the load
curve by a further incremental advancement of 4s at this penetration would be the
one shown magnified as a solid line in Fig. 16. Supposing that at this instant of s,,
the advancement components to be 4s;~0 and 4s;: 4s,=a: b, an incremental
increase of the load 4P will cause the system to allow a total advancing of 4s
which is composed of 4s;=[a/(a+b)]4s for the shift and 4s,=[b/(a-+b)]4s for
the indentation. As either of these components is less than 4s, compliance of the
system 4s/4P should be larger than either of the imagined compliances 4s,/4P
and 4s,/4P. 1If the material is constrained so as 4s to be composed entirely of
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Fig. 15. The load diagram drawn as a model at s in Fig. 15.

4s,, then, in accordance with the compliance 4s,/4P the increase of the load will
amount to 4P, which must be larger than 4P. The broken line in the figure shows
the supposed load curve in this case.

In order to ascertain this view, the following experiment has been carried out.
As shown in Fig. 17, stopper plates are attached opposite to the shearing tools, so
as to limit the raising displacement of the scrap end off the tool face. In accor-
dance with the amount of the gap between stopper and the material, so to say the

.Stopper

§: Vertical
clearance
Tool

- Lateral
clearahce

Fig. 17. The constraining device in midprocess of scissors type shear.

o

vertical clearance whose amount is denoted by & in this paper, the initiation of
suppressing the rigid body rotation changes. Against this vertical clearance, the
usual clearance of the lateral gap between shearing tools may be said to be the
lateral clearance. Fig. 18 shows the diagram of the reactive force on the stopper.
In this figure, it will be noted that, the time when the scrap end begins to touch
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the stopper is about 8 % in the case of §=4 mm, and thereafter the stopper con-
tinues to actuate until about 20%. It can be seen that during this increasing
process of the force the balance of the characteristics 4s;, 4s,, 4s; changes gradu-
ally so as to leave from the scissors type. The broken line in Fig. 19 shows that
in the case of d=4 mm and the the lateral clearance of 5 %, the rigid body rotation
‘ceases at the penetration of about 14 % and after that the inclined state of the
scrap material becomes fixed. Similarly, as shown by the broken line in Fig. 20,
after 14 % the increase rate of the step % of the material with the tool advance-
ment comes to agree with that in the case of §=0mm which is shown by the chain
line. This means that, in the cace of d=4mm, before the tool advancement of
about 8 5, the process goes on entirely in a manner of scissors type, and “after
that it turns to the condition of 4s=4s;, which is a type of constrained shear.

l l }Apprcximat% pomﬁ
o _ of crac
E 8 = initiation”]
> 4 Point of the
@ material end
p touching |
the stopper
o
=
Nl
5 4 , \
2 Condition k
> lateral clearance: 5%
- lubricant: Johnson-wax
g0 o li— No.151
de % vertical clearance
O +. ——— *®
Z w Tt Amm
T——ce—— Omm ~
0 20 40 60 80 100
Tool advancement g $

Fig. 21. The load diagram with the material constrainedin mid-process
of the scissors type.

Consequently, the shearing load will increase as follows. The load curves for
a common lateral clearance of 5 % but different vertical clearance of oo, 4 mm
and 0 mm, are shown by solid; broken and chain lines in Fig. 21 respectively.” Before
the time when the scrap end touches the stopper, the curve for é=4 mm coincides
wholly with an unconstrained shear. Though the situation of the material and the
accompanied plastic work agree with those of the unconstrained scissors type shear
until 8 %, immediately after this time, the process turns to a constrained shear.
At the stage of 8% when the material touches the stopper, the ratios of the
constituent components of the tool advancement are 4s;: 4s,: ds;~1:5:0, as
can be read from Fig. 14. By means of utilizing these ratios («: 5 :0) and the
inclination 4P/4s at that stage, shown by solid line in Fig. 21, 4P, and 4P, could
be imagined as shown in Fig. 16. The 4P,/4s acquired in this manner coincides
with the inclination 4P/4s of the load curve at the stage of 8% in the effective
shear as shown by the broken line in Fig. 21. Thus, it has been verified that ascent
of the working load by the practical scissors type is less than that in the 1magmed
shear carried out only by the shift 4s; or the indentation 4s, only.
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4. Summary

In order to understand the shearing phenomena comprehensively and systema-
tically, it was intended to grasp the deformation referring to some typical models.
‘In that, the scissors type process is dealt with as a model deformation. On the
basis of detailed observation of the deformation in this process some characteristic
features are pointed out which are as follows.

(1) In order to compare deformation in the three typlcal shearing operatlons
a form of the visioplasticity is applied. It can be understood that the blanking in
general represents a transition from the scissors type shearing to that of the
constrained shear.

(2) The observation could prove how the process in the scissors type shearing
developed.

(3) By comparlson of the. deformatlons w1th and w1thout a material rotation,
it is clarified that an existence of rotation makes the mdentatxon and the shift
easy and so causes an easy ‘penetration of the tools.

(4) As a method to specify the ‘deformation mode, an. analyszs is introduced in
which increments of the tool advancement were resolved into the “effective shear
component” 4s;, the “indentation component” 4s, and the “rigid hoby rotation
component” 4s3. - And, it is-shown that by means of the proportion of these three
components the deformation character1st1cs in a general shearing operation can be
described.

Further, in the ‘subsequent part, it will be shown that some phenomena treated

in this part can be interpreted thoroughly by theoretical analysis by means of the
slip-line fields. !

Part ||. Theoretical Analysis of the Scissors Type Shear3®

1. Introduction

The kinematic analysis of the shearing originates from the time when the
stress distribution in the material at the beginning of piercing was solved by
Bach®®) as an elastic problem. It was succeeded by Timmerbeil!s who dealt with
the similar problem by taking account of material warping. But about twenty
years since,- the researches have been conducted mainly in our country.

Maeda dealt with the ordinary punch and die process regarding it as a plastic
deformation process and proposed a kinematical model for the first time.25> 1In
this model, simple shear deformation was assumed to occur continuously in a thin
straight layer terminating in the edges of punch and die. On this assumption he
calculated the shearing resistence of actual sheet metals from their stress-strain
curves. The error of this calculation was within about 10 % for most commercial
sheet metals. Afterwards the shear models with some theoretical consistency were
proposed by Jimma.?2, 23 In this theory, the process was assumed to pass through
four stages of the kinematically admissible velocity fields. Whereas in Maeda’s
theory the material of non-deformed zone should flow normal to the shear direction
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in order to fulfill the condition of continuity, in Jimma’s theory the material needs
not such a flow because of his skillful fields proposed; so Jimma's model seemed
to be able to explain the deformation in a real process. '

Recently, a shearing model was proposed by Krdmer.3” In his model, a lenticular
plastic deformation zone was assumed to be coincident with the work-hardening
zone in the actual process. However, this model held in case of zero clearance
only.

In an actual process, however, the phenomenon is very complicated and the
material is deformed usually in a strictly limited zone, so a theoretical approach to
this process so far has experienced more or less difficulties in its consistency.
Thus, to all above-mentioned researches without exception a rigorous plasticity
theory could not be applied unless one made some assumptions which were not
plausible. In other words, although any one of the proposed models so far could
hold in the interpretation of the shearing phenomenon at a particular instance of
the process, it is not likely to be applicable throughout a whole process.

In this part, a description is given of a consistent figure of the “scissors type”
shear using slip-line fields under some assumptions for the sake of simplicity. In
this analysis, the slip-line field and the relating hodograph have been newly con-
structed which are completely compatible with the equilibrium of external forces
and of the stresses acting on the rigid portions, being given the tools advancement,
clearance and frictional stress on the tool face. After all, four fields of different
patterns. are proposed. They can transit one by one consistently through a process
offering a clear interpretation of the shearing mechanism.

Recently, some researchers proposed the slip-line fields for the bar cropping.
The fields proposed by B. A. Tumomenko ef al. are based on the Luders band of
steel and they progress in four stages.3®> The one by D. El-Wakil is based on the
visioplasticity of lead specimen using the scribed circles and progresses in. two
stages.?®) The fields they proposed seem similar to our proposal but, insufficient
in exactness than the ones in this paper.

By means of these fields in this paper, for example, one can forsee a change
of the rigid body rotation and the difference in the contact width due to a change
of the clearance. Further, as the proposed fields were so constructed as to satisfy
the boundary condltxon of the stress on the free surface, the process of a theore-
tically estimated load has proved to agree well with that of the experimental load.
A theoretical examination of the sequence of hydrostatic pressure near the cutting
-edges has shown that this pressure should come ‘to zero immiediately before a crack
initiation.

Although the slip-line fields of this paper are complicated to some extent, they
seem to be more. rigorous in the. plasticity theory than any other models so far.
So, they are likely to go far toward a compr ehenswe understanding of the shear
mechanism. '

2. Assumptions

The analysis of the ‘“‘scissors type” shear by means of the slip- lme fields, was
developed under the following assumptions.
(1) - -The material is isotropic, homogeneous and ideally plastic.
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(2) - The tool has square edges and zero shear angle.

(3) The thickness.is much less than the width, so the material is plane-
strained. S

(4) The stress configurations in the neighbourhood of both cutting edges are
similar. o : , : :

3. Deformation Characteristics

3. 1. The first stage (indentation, foz"m(ztioh; of contact width)

Fig. 22 shows the slip-line field which can be assumed for the first stage.. In
this field, the piling up of the free surface occurs as observed in the previous
‘part, -Though the field is constructed only for the frictionless tool face for the
sake of simplicity, the construction might be easily extended. for a constant fric-
tional stress on it. :

a. Physical plane =~ ) b.Hodograph plane
Fig. 22. Slip-line field for the first stage (indentation).-

» In the hodograph plane, the material is supposed as fixed, and the tool, shown
by 1.3:13 in the physical plane, displaces vertically by 4s/2 and at the same time
rotates by dw. So, the motion of the tool is indicated by the broken line 1t-3t-13t,
and 1t.3t divided by 1-3 represents the rotative displacement of 4e. :

In this stage, the contact width increases very rapidly with a consequent rapid
increase of the load in spite of a less increase of the pressure. When w/e, — the
ratio of the contact width and the vertical gap of both edges —, reaches a parti-
cular value determined by clearance and lubrication, the deformation changes to
the next stage where the increase rate of the contact width becomes smaller.
So, this first stage may be called the stage of the contact width formation. It
takes place instantaneously at the start of a process (see Appendix 1).

3. 2. The second stage (formation of rolling over) . ,
Fig. 23 shows the slip-line field assumed for the second stage. Instead of the
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piling up in the previous-stage, the free surfaces roll over. ‘The plastic deforma-
tion zones extended outside of 6-9.18:11 etc. which are originated from both edges
(in Fig. 22a they correspond to the zones within the curve of 1-4.6.10. 14 etc.)
become united and penetrate through the material.

In the hodograph of Fig. 23b, the stationary point corresponds to the center
of the material O in Fig. 23 a, the lower and upper tools displace vertically by an
amount of 4s/2 and the rotation of material 1M-1.2 ~6.2M is expressed by its
curved shape. :

The velocity of the free surface 1.7 is expressed by the broken line of 1:7x,
corresponding to the rolling over.

In this stage, the most part of 4s is occupied by the “mdentatlon component”
4s, which represents the deformation in the zone within the border 2.3.4.5.6-10.
And this zone is considered to be a development of the compressive deformation in
the previous stage. In such a deformation, the rigid portion of material at both
ends separate away in the general lengthwise direction of the specimen by 4/,
which includes a little separation caused by the deformation corresponding to 4s;.

Having recourse to the Prager’s criterion*® it was verified that the entire
velocity field furnished a positive power of dissipation, although in the zone within

0r__ 6r;
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Fig. 23. Slip-line: field for the second stage (formation of a rolling over).
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the border of 1.2.18.11.8 the direction of shear stressalong the slip-line seems-at
first sight to be opposite to-that of the relative velocity.  This apparent’ dlscre
pancy -will be canceled by superposing on the whole mater1al a rotatzon

3. 3. The third stage (main defor 711[11‘1012«)'

Fig. 24 a shows the slip-line field assumed for the third stage. Whereas in the
previous stage the pressure on the tool face increases with an increase of rotation,
in this stage the pressure decreases with an increase of w/e. Thus, the:change of
stages may be considered to occur at a particular amount of ‘the pressure,- and it
will be determined by comparison of the calculated pressures in.the fields of both
stages. :

In the hodograph plane of Fig. 24b, the motions of tools and- the material are
similar - to those in the previous stage. However, it was drawn for only upper half
of the field, i. e, 1.N-15-18, for the sake of simplicity.

The curves of 1~N~8 18~0~8 and 18~N;~11 among [-3 lmes are dlSCOIl
tinuity lines, and by the aid of this band zone both rigid portions shift from one
another by 4h. The deformation corresponding. to ‘the step 44 in this stage is
much larger than before.

The component Jsl, that is, the dlscontmulty along the lme of 1~N~8 increases
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Fig. 24. Slip-line field for the third stage (main deformation). -
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with the tool advancement, the reasons for this being as follows. A line segment
of 1y+1ly must intersect that of 2.2, in the hodograph plane, because the down-
wards velocity at the point 18 must be larger than that at the point 1 according to
the direction of the principal stress. Further, the mean radius of curvature of the
curve 1.2 must increase, because the increase rate of the length of 1-2 is larger in
comparison with that of the angle between the inclinations at the points 1 and 2.

On the other hand, the component 4s, must decrease with tool advancement,
because the angle ,14.15.16 of the centered fan decreases, reflecting that the
length of the curve 14.16 decreases in the hodograph plane.

3. 4. The fourth stage

Fig. 25 shows the slip-line field assumed for the fourth stage. The validity of
the preceding field will be lost after the time when the angle ,14.15.16 becomes
zero, and thus the change of the field occurs. ' ”

In this new field, a parallel band zone constructed by lines 5-N.16 and 15-N; .6
extends from the contact border points 6 and 16.

a. Physical plane b. Hodograph plane
Fig. 25. Slip-line field for the fourth stage.
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4. Quantitative Analysis

Through this analysis, shape of the field and the hodograph were determined
by means of an equilibrium equation and three stress boundary conditions.

Tool =3 -
K
©
~ L
L. S
Material »
S
3{7 .
JAﬂJ Fig. 26. External forces acting on the
; ] material.
Tool

As shown in Fig. 26, for an equilibrium of the external moments acting on the
material, the following condition must be satisfied

| pv@stords+ Ty o= [ pu@r+ti—9)dn+ T (to—5) 3.

where & and 7 are the coordinates of the element on the tool face and on the
mantle respectively, referring to the edge.

In the fields of Figs. 23, 24 and 25, the following three equations must be
satisfied for the -sake of equilibrium of the stresses acting on the rigid portions.
In these equations the symbols used are; N: the origin of the coordinates, p,: the
hydrostatic pressure and ¢: the inclination of the B-lines measured clockwise from
the y-axis.

gmpo-dy—gmpo-dy%—g kedx=0, (4)

(@,

p;‘dx— Do dx — ’ k-dy=0, (5)
S(aﬁ) S(B) S(w, B)

S' po(ydy+xdx)—S po(ydy-%-xdx)+§ k(ydx—xdy) =0, (6)
(@) (¢:3] B8)

(a,

where the integrations are carried out from the origin N to the surface along the
N~5 on a-line and the N~1 on §-line.
Further, along the «- and B-lines Hencky’s equation can be written as
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DPo=Do, n£2E(Y—&y), )

where p,,n means hydrostatic pressure at the origin N and ¢y means the inclina-
tion of B-line there, and as for the double sign it must be positive along the a-line
and negative along the f-line. Substituting Eq. (7) in Egs. (4)~ (6), we obtain the
expressions for hydrostatic pressure p,, n, the coodinates x, y and ¢ which deter-
mine the shape of the slip-line field.

As parameters necessary for constructing the slip-line field, ¢, ¢, w, and ¢ are
considered. They are again; — c¢: clearance, ¢: vertical gap of both edges, w:
contact width, «: contact width of the tool mantle face, k.cos2y and k-cos2d:
the frictional shear stresses on the tool face and the mantle face and 2k&: the
difference of the pressures at the edge and at the contact border when their
distribution on the tool face is assumed to be linear.

Now in constructing the field, 7, ¢, ¢ and w are known, po,x, 6, £ and ¢ must
be determined so as to satisfy Eq. (3)~Eq. (6). (see Appendix 2)

4. 1. Working load

The chain-lines in Fig. 27 show theoretical working loads obtained by the in-
tegration of the pressure on the tool face etc., where parameters of curves are
clearance ¢ and stress ry on the tool face. The solid-lines in the same figure
show the experimental values obtained from aluminium A1100-H14, lubricated by
Johnson-wax No. 151, and sheared with tools of different clearances. It will be
seen that the theory agrees well with the experiment, so far as observing the
change of tendencies of curves with the change of clearance. The smaller the
clearance, the more rapidly the curve increases at the beginning, and the earlier
the maximum point of the curve is reached.
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Fig. 27. Process of theoretical and experimental working loads.
[Experimental conditions, Specimen : Aluminium A1100-H14,
Lubricant: Johnson-wax No. 151, Tools: Straigh square edges]

Since the working load reflects mainly the integration of pressure on the tool
face, its process must be a result of balance of the increase of contact width and
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the decrease of pressure with the tool advancement. However, as the contact width
w can be estimated theoretically, the theoretical w 's were compared with the
experiment. The result is shown in Fig. 28. The similar estimating process was
applied to the pressure p,,,. The result is shown in Fig. 29.
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Fig. 28. Process of theoretical and experi- Fig. 29. Processes of various pressures.
mental contact width. [Pv, m: Mean pressure on the tool face
[Experimental condition, Po, M: The minimum of hydrostatic
Specimen: Aluminjium A1100-Hi4 pressure governing the material
Lubricant: Johnson-wax No. 151 surrounding cutting edges
Tools: Straight square edges] . Po, O: The minimum hydrostatic pres-

sure as a whole’

Referring to both figures one can explain the difference in tendencies of the
loads due to working conditions in Fig. 28. For example, supposing that external

forces satisfy equation (3), the change of the contact width w and that of load Py
due to clearance can be explained.

4. 2. Hydrostatic pressure in the neighbovhood of cutting edge

Now, let us explain the various phenomena on the basis of theoretically esti-
mated hydrostatic pressure. At first, Fig. 30 gives in three-dimensions the
distribution of hydrostatic pressures prevailing in the material. In this figure, z-axis
indicates the pressure where x-y plane corresponds to the sectional plane of the
material. The clearance is 5, the frictional shear stress rv is assumed to be
0.35k and the pressure at a stage of 19% is shown (for the sake of simplicity
only a half of the zone is shown).

It will be realized that the pressure governing the material surrounding the
cutting edge takes its minimum at the point M. The chain-lines in Fig. 29 show
the process of this minimum hydrostatic pressure po,» at that point together with
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other pressures. It will be noticed from
this figure that p,,. becomes negative
immediately before the crack initiation.

The hydrostatic pressure, its minimum
of all is reached in the neighborhood of
the center O, the intermediate of both
cutting edges. However, a crack does not
initiate from that center region but from
cutting edges as above. It may be con-
cluded at least that the ultimate crack in
the blanking operation is caused not only
by a tensile state of the mean stress.
Double dotted dash lines in Fig. 29 show pig. 30, Hydrostatic pressure distribution
the process of the hydrostatic pressure in the material estimated by the
Po, o at the center O. They appear to be slip-line field technique.
always negative so that the stresses there :
are always tensile throughout a process.

The broken lines in the same figure show the theoretical values of the mean
pressure py, » on the tool face, and the solid-lines in comparison show correspond-
ing experimental values which are the measured load divided by the contact area.

5. Summary

In the preceding part, the scissors type shearing has been regarded as a copy-
book which can include fundamental phenomena in many shearing processes of
practical use. In this part, an attempt made to establish the kinematics of this
process has been presented. A description has been given of a consistent image of
this process using slip-line fields and some assumptions for the sake of simplicity.
Conclusions are as follows.

(1) Four fields of different patterns, which correspond to stage developed in
a process, have been proposed. They could transit one by one consistently through
a process offering a clear interpretation of the shearing mechanism.

(2) The slip-line fields proposed, being characterized by a consideration of
material rotation, seem to be more rigorous in the plasticity theory than any other
models so far, so they appear to explain more clearly the deformation in a real
process. ‘

(3) The slip-line field and the relating hodograph have been newly constructed
which are completely compatible with the equilibrium of external forces and of the
stresses acting on the rigid portions, being given the tool advancement, clearance
and frictional stress on the tool face.

(4) The slip-line fields can be closely related to the analysis of the constituent
components of the tool advancement proposed in the previous part, so the state of
a process for a particular stage can be represented much clearer.

(5) The process of the working load estimated from the slip-line field tech-
nique agreed well with that of the experimental load.

(6) 1In this analysis, the change of the contact width and that of load with
change of the clearance has been theoretically explained.
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(7) It has been observed that hydrostatic pressure in the neighborhood of
cutting edge becomes - negative immediately before the crack initiation.
. (8) It -appears that the ultimate crack is caused by not a state of p051t1ve
hydrostamc stress alone but also by state of other factors such as total strain,
stram path length stress h1story and so on. :

A;bpendzx 1, Increase of the Contact Width w at the Beginning
“of the Process

The process of forming the contact width w in the first stage (Fig. 22), is
obtained on the basis of the "equation (3) which expresses the equilibrium of the
external forces.

Substituting pv~2k(1T . +w) Pa=2k(1+0), Ty=Ty=0 and a=s—t(1—cose)

into the equatlon (3), we obtain
N w Ptcow—As=0, , €))

where

A‘_——;”,to.cos‘ws . (1‘l‘w)/<1 _}__271;_1}‘0)».

From equation (8), the partial derivative of w with respect to s can be ex-
pressed as follows,

ow/as=A/(Qw-+c). 9

In the first stage, ow/ds is estimated at 8 ~ 2 in case of ¢=0.05 and dw/ds=3~1.

in case of ¢=0.15. '
The initial curves of the contact width were drawn, on the basis of w calculated

from the equation (8), which is expressed as follows, '

Ly (10)

. Appendix 2. Determination of the Hydrostatic Pressure p, and
: the Fields’ Shape in Case of Figs. 23, 24 and 25

" For example, calculation will be carried out in case of Fig. 24, provided that
one fiftieth of the contact width w is assumed to be a unit length.
Subst1tut1ng Eq. (7) in Eqs (4) and (5), we obtain

p(;c - <S(s)dy—5(“)dy>:25(w’ B)<¢_~¢N)dy+gw' B)dx (4)"
-ﬁ%‘-“(mdx—g(wdx)::ggw B>(¢'—'¢”)dx_gw, B)dy (5>f

< ‘Integrands of the first terms in the right-hand sides of Egs. (4)’ and (5)' are
expressed in Fig. 31. These figures show inclinations of the B-(N~1) and the
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a-(N~5) lines in terms of the angular difference of inclination at the regarding
point and that at point N in Fig. 24a. This field should really be constructed by
giving prescribed values of e=135units, ¢==8.5 units and w=>50 units for linear di-
mensions and 7=35° for inclination of B-shear line. In that, the contact width g,
the inclination of B-line at mantle face ¢ and the pressure dlfference parameter ¢

are indeterminable in the first place.
Referring to Fig. 31 mtegratmg graphlcally (¢—¢n) with respect to x and y, ,

2f | (—edy=-188.8, 2[  (4—gu)dx=10.4,
The ranges of integrations give ' s

S(w, | dv=39.5, S( | dy=25,

S(B)dy—g(m)dyzl% and S( dx— Smd"‘:f‘BS'i.S-

By substituting these values in Egs. (4)’ and (5)’, two 'differentyalues ‘of
hydrostatic pressure p,, 5 are attained as follows, ' o

o n/k=—0.770 from Eq. (4)’

and

bo, n/k=—0.776 from Eq. (5.

These values are regarded as .a good approximate and simultaneous satisfaction

of the both equations.
Now, estimating p.,x/k at —0.773 and by utilizing Eq. (7) etc, equation for

the pressure on the tool face is obtained as: py/k= 3 20 0.02¢ and for the pressure

on the tool mantle: py/k=1.20+0.057.
‘Thus, the value of terms in Eq. (3) which expresses ‘the equzhbrmm of the

external moment come to be calculated as follows:
the first term of left-hand side =So k(3. ZQ—O. 028&) V(E-'FS.iS)dE:——-737Ok.
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the second term of left-hand side = 117k, , ;

the first term of right-hand side ={"k(1.02+0.05) (134+7)dy=5239%,
and the second term of right-hand side=2278%,

so, the left-hand side = 7370k-+117k=7487F%

and the right-hand side = 5239k +2278k =T517k.

Consequently, it would be recognized that the left-hand side ~ thé right-hand side.
Similarly, whether Eq. (6) holds or not can be examined.

The above trial calculations should be repeated until an agreement of hydrosta-
tic pressures p,,n S from Egs. (4)’ and (5)’ is attained and at the same time Eags.
(3) and (6) are satisfied. In this way, plausible values of p,,y, @ 6 and ¢ are
determined.

Part JI. Material Flow in the Deformation Zone of the Metal Subjected
to Blanking with Tools Having Closed Contours4®

1. Introduction

As a number of engineering components come to be produced from sheet
metals or plates by so called precision types of the blanking”™, general and proper
understanding of the mechanism of blanking has become urgent for making the
processes successful. Though the process of deformation in the shearing operation
has been studied by many investigators so far, analyses are confined to the condi-
tion of plane strain.?21~2% In the preceding two parts of this investigation also, the
process under the condition of plane strain was dealt with. However, since a blanked
component usually takes a closed contour, the existence of the contour’s curvature
makes the. shearing process complicated.!5, 20,28~31)  Difficulty in analysis arises
partly from the preparation of test specimens which can be sectioned and reas-
sembled in order to observe the deformation during the process. Researches so
far could not be based on an actual behavior of metal flow as yet, because exami-
nations of metal substrates before and affer a blanking had been so few.

Authors developed two kinds of new techniques by which the flow of metal
during the blanking of closed contours could be studied. In this part, the mechanism
of blanking based on the knowledge of the metal flow proved by these techniques
will be described.

2. Experimental Method and Condition

Metal flow caused by advancement of the punch has been investigated in. detail
by blanking circular test specimens of aluminium with concentric circular tools.
At first, the visioplasticity method was applied to the clearance zone by means of
a grid photoetched on one of the meridio-sectional planes of the specimen halves.
Then, in the neighboring of that zone strain gauges were applied on both surfaces
in order to detect the surface strains of the specimen. ‘



Investigation into the Shearing Process of Ductile Sheet Metals 31

2. 1, Condition

The material tested was 4 mm thick half-hardened aluminium sheet from which
circular blank specimens of 60mm and 90 mm dias. were prepared by an engine
lathe. The mechanical properties of test material are shown in Table 4. '

Table 4. Mechanical properties of test material.

Method Visioplasticity Strain gauge

Material Aluminum (A1100P-H14)
Thickness mm 4

Diameter mm 60 i 60, 90
0.2% proof stress kgf/mm? 10.20 13.85
Ultimate strength kgf/mm? 10.83 15,03
Strain hardening factor 0.031 0.038

B "Uhiform elongation % 3.2 2.8

For testing, specimens were centrally pierced with 8 and 20mm dias. tool sets
so as to leave blanks of due diameters. When utilizing specimens of 90mm dia.

Table 5. Experimental conditions.

[Tool]

Visioplasticity

Strain gauge

Diameter mm

8, 20

20, 50

Material SKD 11 (hardened, ground)
Hardness (HRc) 60~63
Roughness (Rmax) pm 1.6

Clearance: 0.25%, 3%, 6%, 20% of specimen thickness

Lubricant: Johnson-wax No. 151

Punch speed: 0.25mm/sec
Support: free

[Strain gauge method]

Properties of strain gauge
Gauge length: Imm
Gauge factor: 2.05

Gauge resistence: 120.2Q +0.03%

Measured radial distance

mm i Tool dia. mm

| Specimen  dia.

(upper and bottom surfaces) mm
1.5 3, 16, 22 20 60
8 15 33, 39 50 90
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tools of 50 mm dia. were used also.

The diameters of punches were of prescribed sizes, the die holes being ground
so as to accommodate clearances to punches. Four kinds of clearances shown in
Table 5 were tested. -

The lubricant was Johnson-wax No. 151 and it was applied on both surfaces of
specimens.

As regards the experimental conditions, see Table 5.

2. 2. Visioplasticity

At the time of applying visioplasticity, the specimens should be prepared so as
to protect themselves from splitting due to the hoop tension during a process,
this scheme is illustrated in Fig. 32. By means of this preparation, deformation of
material in the clearance zone has been made clear for the first time.

Steps of preparation
procedure of specimen

1. Sawing
Machining (Shaper)
Photoeched -marking
(Square grid of 0.5mm)

2. Bonding \ /
(Together with photo- \_/ P

/

=73 > 723 >

-

-etched surface)
Méchining (Lathe)

Cle— 469 —>

3. Fittingand bonding e gpd —
into outer ring.

4 . Dinension
Thickness=4 mm

Fig. 32. Preparation procedure of specimen for visioplasticity.

Fig. 33. Scheme of the experimental tool
set.
1. diaphragm
2. 3. punch-holder
4. punch
5. specimen
6.
7

. die
. 8. die-holder
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Fig. 33 shows the tool set for this experiment, which was set in a four
pillars type die-set and a gear driven press.

The punch load was measured by means of strain gauges bonded on the dia-
phragm (1), and was registered against punch stroke by an x-y recorder in which
the stroke was detected by means of a potentiometer on one of the punch stem.
At any instant of interest the driving unit could be stopped by a magnet-switch in
which a contact point was placed beneath the bottom face of the punch holder @.
Thus, a distorted grid pattern on the section at that instant could be frozen and
observed.

2. 3. Strain gauge method

In order to know the elastic or elastic-
plastic behaviour of metal in the neigh-
borhood of the clearance zone, the com-
ponents of strain e, e were measured
by strain gauges bonded on the upper and
bottom surfaces of specimen from which
radial flow of metal was calculated.

For this purpose the upper tool shown
in Fig. 34 has a central recess and holes
which allow the lead wires to pass through.

Fig. 34. Tools for strain gauge method,

3. Experimental Result and Consideration

3. 1. Region of the main deformation in the circular blanking

Fig. 35 shows a distorted grid pattern on the meridian section at the mid way
of a blanking process, where the punch penetrated up to 40% of metal thickness.
The tools had 20 mm dia. and 0.25 % clearance.

Fig. 36 shows the change of the deformation zone in the various clearances
where the punch diameter is 20mm and the stroke 10%. The elastic-plastic
boundary was obtained by means of plotting the position at which the horizontal
grid line starts distortion. Severe deformation zones whose shapes are lenticular
in general are shown blacked. These figures cleary show that, the smaller the
clearance, the narrower become the widths of the severe deformation zone as well
as the whole deformation zone.

Now, it will be desirous to see to what extent the deformation zone varies
under the influence of tool’s contour. Fig. 37 shows the change of the deformation
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zone in the various specific curvatures #,/R, which would be thought representing
the severity of the configuration, where the clearance is 6 % and the penetration
20 %. In the circular blanking (¢o/R+0), the material situating around the defor-
mation zone constraints the radial displacement of the metal to flow into or out
of the essential deformation zone, so, the deformation of the material in a pressed
portion on the tool face does not seem to take place. A marked constrast to this

2
7/ Die
Clearance 0.25% 6% 20%

Fig. 36. The region of the main deformation in various clearances.

Punch/

T/
Plane strained shear with Punch dia. ¢20
the scrap unconstrained
to/R=0 to/R=0.4 to/R=1.0 -

Fig. 37. The region of the main deformation in various curvature of the blanked
contour.
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is observed in the two-dimensional shear process (f,/R=0) where the material
exposed to the pressed portion is deformed undergoing a machining-like separation.
This figure shows that, the smaller the punch diameter, i. e¢., the larger the
curvature of the blanked contour, the narrower the deformation zone on the die.

The consideration so far leads to the following conclusion. The curvature of
the blanked contour as well as the clearance are main influential factors to the
blanking process. The mode of the deformation in the main region is influenced by
these two factors, and the degree of the influence appears to depend on how the
factors control the radial flow of the metal.

3. 2. Severity of deformation

In the analysis of metal flow by means of distorted grid pattern as Fig. 35,
positions of the grid points were specified by »—z coordinates shown in Fig. 38.

H N

z T

H PO(PO:ZO) "

[ P LLipiey e
IMERRNN)

i0

(A) Before a process

1 Cbrf
AZ d/’b_.“: ]
e Pir,2)]
Ao
— T i0 e -
|

(B) Midway of a process
Fig. 38. Specification of position of grid points.

Fig. 39 shows the inclination # of three originally horizontal lines when the
punch penetrated 20 % of thickness. Before the process they passed through i, ii
and iii of Fig. 38 (A). The tool had 20 mm dia. and clearance of 6 %5. The abscissa
shows the radial distance of the metal at that time. The maximum of @ appears
to take place along the line i which lies nearer to the punch face. The lines i
and iii lying beneath surfaces incline considerably in the rolled over portion near
each cutting edge. These tendencies are observed also in cases of 0.25% and 20 %
clearances.

Fig. 40 shows 6’s for different clearances, the punch diameter and the penet-
ration being the same as above. It should be noted that, the smaller the clearance,
the narrower the zone of plastic deformation and the larger the @, so the strain in
consequence.

3. 3. Metal flow in the plastic zone

In order to trace the metal flow, displacement of a material point was repre-
sented by the displacement vector PP, whose magnitude could be calculated by
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subtraction of the original coordinates (r,, z,) of the point P, shown in Fig. 38
(A) from the coordinates (r, z) of that point after deformation P.

30 Conditions

- Punch dia 920

@ Clearance 6% .
gs Penetration  20% I
=60 |
~ Position of Lline !
@ above the die mm ‘\
< —0— 3.3 (i) .
S30 - 18 (6D

2 == 0.4 (i)

| | r'g 1

Radial distance romm. -
Fig. 39. Inclination of three originally horizontal lines

rp: radial distance along the punch
rd: radial distance along the die

S0 Conditions
N Punch dia $20
2 Penetration 20%
o Line iii ]
S 60 ‘
o Position of N

Clearance  line above q

s 75 05 R
= —0— .25 )
B30 o g 0.40 ‘
E | S 20 04 *\
E < \

— { | . | | |
0 85 80 95 Mol 105 [fno
rn(025) rq(6) rg(20)
Radial distance r mm
Fig. 40. Inclination of the line lying near the punch for different clearances. (rq
represents the position of die edge, figure in the bracket means clearance)

Fig. 41 shows the traces of metal flow in the typical regions of a to f shown
in Fig. 38 (A). Points 2, 3 and 4 correspond to the positions at the punch pene-
trations of 10, 20 and 30 % respectively. It will be observed that at start of the
penetration the radial component is centrifugal throughout the regions. This kind
of centrifugal flow was always observed within the conditions of this experiment,
though this flow seemed to decrease with clearance.
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o wonm— . vo—

§1 234

|
|

Fig. 41. Material displacements in the
plastic zone.
Tool dia.=20mm, ¢/to=0.25%

(a) Penetration 0~5%

(b) Penetration 5~10%

In the following, attention will be paid
to the radial flow, because it seems to
characterize the mechanism of blanking.
The constraint due to a closed contour
has influence on this and by knowing this
flow out of or into the clearance zone
one could tell the relative hydrostatic
pressure of that zone to the neighborhood
where no external force acts.

Increments of the radial displacements
of the metal due to a incremental advance-
ment of the tool are shown by the vectori-
cal arrows and contour lines in Fig. 42
where a sequence of three typical stages
is presented, the distributions being in
accordance with deformed states and with
the tool diameter of 20mm and the clear-
ance of 209%. The value subscript in the
figure shows ratio of the displacement
increment to the penetration increment.

(c) Penetration 10~20%
Fig. 42. Distribution on the radial flows in the plastic zone.

3. 4. Elastic deformation of metal in the neighborhood of the plastic zone
Fig. 43 shows development of the radial flow by ¢'s at the gauging points.
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The flow v=20u/9s can be obtained as an inclination of the displacement # against
penetration s curve, in that, the displacement u can be known with the aid of the
equation #=¢ey+r, from the strain s, being measured by gauges bonded on the upper
and bottom surfaces of the material. Broken line shows the average translation
velocity 7 over the thickness at those points. The positive sign of ordinates corres-
ponds to the centrifugal flow.

The attendant sketch illustrate the distributions of the plausible radial veloci-
ties over the thickness estimated by these »’s. It will be observed at the penetration
of 5% that in both the product side and the scrap side, the material near the
unconstrained surface flows into, and that near the pressed surface flows out from,
the clearance zone. When the amount of penetration of the punch reaches 20 %,
the metal flow of the product side seem to almost cease. It will be observed that,
at the time when the punch penetrates up to 30 % just before the crack initiation
for ultimate cleavage, the material wholly flows from scrap side into the clearance

zone.

. ~ (Product side) e Upper surface
1 3 0.10 [;\ Conditions —-— Bottom swface)
2l l; Punch dia  $50 ====Average throushout
%.2'3 | E \ Clearance 20% the thickness ¥
D f t
%4; @ ' 75
2. O
< a6
58S
z &%
:ij—i*;~0 10
H'S_"_‘,
=y
SL
-0.20 %
0-20 A\
t
e | iratin | -
. f '\ 5% o 30% |
=010 [ 1 ™ - ’
[SI4 H
=50\
. A
T / i \
oc:c ‘% 0 i\\ 1’ \ /
5 S . YU Penetr‘atlon S %
| 1' X N~ -
| Y N/ .
_0.10 1! ~. (Scrap side)
i X crack initiation for ultimate cleavage

Fig. 43. Radial flow in the elastic zone.

3. 5. Analysis of flow by a virtual displacement of the tool
In this section, a new expression of deformation modes in the blanking will be

proposed according to the above measurements.
In many researches so far, the velocity diagram has been generally so con-
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structed that velocity vectors represent, so to say, the absolute ones which would
be right when one considers that either the punch or the die stands still. In such
a velocity field, difficulty arises in finding the boundary regions of elastic and
plastic deformations, because in the material region being taken along with the
moving tool every vector comes to have a dominated vertical component as shown
in Fig. 41. The difficulty will be decreased by the following treatment.

Fig. 44 illustrates the method. At a particular stage of penetration, suppose

\
A : J______ |9 A \\C—
: A

(@) I

|
d5r< 0 2 j - b
dgz>o bt dSe%‘O X ﬁ @d
d€, <0 i a ﬁ
9Enz 0 geso ,:;)QD
9o 0 SDEED 5010 | N ot 7 y
dé, < 0 =% dEa< D f S O 3 i
Conditions O Point of spout —> Actual $low

Punch dia $20

o 00, ® Point of suction
earance o 7 Turnina point
Penetration 5% N 1 & pont

.y

Fig. 45. Analysis of flow by a virtual displacement of the tool (penetration 5%)

@ = Assumed flow

d€n <0 anl | [ < <=
! 2 3
d . , Pate
d?ig@ dep >0 I 7~
ShE = 48e <0 3
d€r> 0 e ( { 4 !
4Ee= 0
s » dSp<O ) 5 6
d82<0@ {@d£s>0 4‘:%"A >
L déz =0 b -
Conditions .
Punch xdéa 420 O Point of spout  —=> Actual Flow

@ Point of suction = Assumed flow
N A Turning point

Fig. 46. Analysis of flow by a virtual displacement of the tool (penetration 20 %)

Clearance 20%
Penetration 20%
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that the specimen is cut off into two rigid pieces A and B separated by a conical
surface joining the contour pp of the punch edge to the contour dd of the die
edge. That state is shown by (a) of the figure. As the movement of the tool
continues, and as shown in (b) of the figure, after an infinitesimal small advance-
ment of it, the metal-flow in the vicinity of the virtually cut faces would be such
that materials separated tend to flow from subsurfaces into the newly generated
vacant space p'd’pd. Thus, four cubical elements shown in (a) of the figure should
be subjected to due strains. Into this consideration, the velocities of the moving
tool could not enter. The state of metal flow at the penetrations of 5% and 20%
are shown in Fig. 45 and 46. The small arrows I, 2, 3 etc., which represent the
radial velocities, are written taking account of foregoing results. Here, a supposed
point in the vacant space around which the material gathers would tentatively be
called the ‘point of suction’, and the portion near the rolled over surface which
can supply the material so as to fill the vacant space be called the ‘point of spout’.
The place where the direction of flow changes from axial to radial or vice versa
would be called the ‘turning point’.

Let us consider the state of the penetration of 5% shown in Fig. 45. The
pressed portion A beneath the punch is regarded as a turning point, because the
flow @ should exist for the flows I and 2 to occur. On the other hand, in the
pressed portion on the die almost no axial flow can be recognized because the
difference between vectors 7 and 6 is negligible. The rolled over portion B in the
product side would be regarded as a point of spout, since the existence of flow &
is necessary for the above-stated @ to occur and the flow ¢ originates from the
acceleration of the flow 5 to 6. Conversely the rolled over portion C of the
scrap side must be a turning point, because an axial flow d should occur by the
flows 2 and 3. Consequently the rolled over of the scrap is smaller than that of
the product side.

After all, in the vicinity of the die edge, the material finds itself a situation
of more scarcity than in that of punch edge. Thus it will be said that the hydro-
static pressure in the vicinity of the punch edge is higher than the other and the
point of suction D should be located in the neighborhood of the die edge.

In the penetration 20 % shown in Fig. 46 the point of suction moves still
closer to die edge, so that the hydrostatic stress in the vicinity of the die edge
becomes more tensile than before. In this case, a point of spout must locate on
the outside of the specimen. In the left-halves of both figures, the incremental
strains of the originally cubic elements at the respective penetrations are presented.

3. 6. Influence of the clearance on the radial flow

Fig. 47 shows the distribution of the average translational velocity #'s, along a
radial line at two stages. Those near the clearance zone were estimated from ex-
trapolations of distribution curves. The »* shown in the figure represents the
discontinuity of # between the scrap side and the product side, and is regarded as
one of the measures which express the flow into or out of the clearance zone.
Fig. 48 shows v* vs. s curves for various clearances, where the positive sign of v*
means the out flow from the clearance zone. It is shown in the figure that if the
p¥* curve passes through the negative region more, the crack of ultimate cleavage
seems to initiate with a less penetration. This result implies that the clearance is
an eminent factor having serious influence on the crack initiation.
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-1.0 —-05% 0 0.5 1.0
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Fig. 49. Quality of the surface separated.
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3. 7. Quality of the surface separated

Fig. 49 shows three-dimensionally the rolled over height and the overall pene-
tration on a blanked contour-clearance plane, in that, the upper figure represents the
summation of the rolled over, the sheared and the pressed heights. It expresses
the penetration at crack initiation. The specific curvature and the clearance, com-
posing two axes of the plane, will be taken as measures of the degree of the
constraint which influences the blanking process under various conditions. It will
be observed that due to the hydrostatic pressure mentioned in the previous section,
the overall penetration seems to increase with smaller clearance. It can be seen
readily that, the larger the specific curvature, the higher the rolled over, and, the
larger the clearance, the more eminent will be this tendency. The result corres-
ponds to the existence of the point of spout at B shown in Fig. 45.

~
e Fig. 50. Definition of the degree of const-
- raint.
B’ : R: punch radius
2A B” r: specimen radius
B ) c: clearance
t: thickness
o 2A: deficient volume in clearance
.7 T T zone
| *: B: volume under the punch
— R B’: volume on the die
i R : ®=(t/R)(c/t) B”: influential volume on the

constraint

The degree of constraint could, in principle, be described as follows. In Fig.
50, the clearance volume is defined as aRfyc. And in a blanking process, this
volume would be considered a deficient volume to be replenished by the neighboring
material. Severity in this material supply governs the flow and this should bring
about the so called constraint. So, degree of constraint ¢ may be expressed as a
ratio of the half of clearance volume which can be supplied. In this figure, for
example, the material under the punch is considered as the volume to supply, the
degree of constraint would be expressed by

o (degree of constraint) = A/B = (aRt.c/2)/(@R%t,(a/27))
= to/R (specific curvature) x c/t, (specific clearance)

4. Summary

An experiment has been carried out for studying the flow of metal during the
blanking of closed contours. Results are as follows:
(1) By means of a newly applied visioplasticity on the meridio-sectional plane
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of the specimen, the behavior of metal flow, which has been guessed so far, is
clarified in detail. ;

(2) In addition to the knowledge of the visioplasticity, by using the strain
gauges applied to detect the surface strains of specimen, the metal flow throughout
the whole specimen even in the elastic region could be taken into account.

- (3) By aid of the flow analysis on the basis of the virtual displacement of
the punch, it has become clear that, at start of a process the rolled over arises
more in the product side than in the scrap side. And, in the process the position
of the lowest hydrostatic pressure appears to move closer to the die edge.

(4) The analysis of the metal flow into or out of the clearance zone has
revealed that, as the clearance becomes larger, the danger of crack initiation at
less penetration increases.
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