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Abstract

This paper presents a comprehensive view of the components-rolling
process attained by detailed observations.

In order to provide a fundamental approach to the rolling process
of various rotational-type components, a series of experimental studies
has been carried out. By means of experimental rolling of screw-like
and gear-like components, features and shapes which blank cylinders
come to develop in a process are observed in detail. In order to realize
the characteristics of deformation, a method is taken in which ex-
perimental processes are examined comparatively by establishing a
model process under some simple assumptions accepted as plausible.
By this means, it becomes clear that a distortion observable in the
cross sectional figure of a workpiece plays an important role in the
rolling process.

For detecting the deformation of material during the process, the
split plug buried in the workpiece is employed. By examining a dis-
torted grid of the plug, a three dimensional pattern of the material
flow has become clear for the first time. It has been proved that the
central portion of the blank cylinders does deform so as to proceed
the rolling action and this central deformation affects drastically the
formation of functional features of the component. Efficacy of forming
depends solely on the balance of these exo- and endo-deformations.
On the basis of this deformation analysis, the mechanics of a rolling

process is clarified and the fundamental controlling factors are pointed
out.
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1. Introduction

The components-rolling is preferred by many factories as a method of pro-
ducing various rotational-type components because of its high productivity and low
noise. The rolling method can be adapted for various features such as screw
threads, gears, splines, finned tubes, V-belt pulleys, balls, stepped shafts, thin tubes,
twist drills, and so on, where the method can afford them many superior mechanical
properties.

Although it is generally appreciated that components-rolling has proved eco-
nomical on large-quantity production, similar savings and economics are often realized
on small-lot production.

In the components-rolling, it is expected that the surface of the blank material
is reformed exactly into an envelope of the die profiles, but an actual working
condition is more complicated. Troubles in the components-rolling are brought
about. by somewhat particular inherency in the deformation which may be stated as

follows. -
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(1) The freedom of disfiguration of a workpiece is fairly larger than that in
the cutting process or other deformation processings such as sheet metal rolling,
forging, extrusion, and so on. Accordingly, accuracy of the finished form of the
components appears inherently difficult to control.

(2) During the process each die rotates relatively around an instantaneous
center which moves on the surface of the work material, and the deformation work
is caused by a couple of the tangential forces acting on the narrow contact zones.
Therefore, it becomes important to characterize the deformation under such tools
bearing in mind the rotative component of their movements so as to conform to
the contact condition between tools and a work material.

(3) The whole work material or a part of it undergoes repeated plastic de-
formation which might be referred to as *plastic kneading”. While the plastic
kneading of a component can bring about a strengthening of the surface layer with
the profit of diminution of surface roughness, the tool exercises plastic straining
upon each element of the material causing it to pass through various phases of the
stress field during each revolution and thus the material is strained cumulatively.

(4) Experience has shown that the rate of die penetration per bite affects
considerably the behavior of material in respect to the formation of a feature.
Any decisive datum, however, has not been drawn to date, and trial and error has
been an inseparable part of the components-rolling.

Although many studies have been made on the rotary types of the forming
process, an attempt has never been made in which various kinds of machine elements
produced by rolling methods, such as thread screws, gears, and splines, could be
taken up in a single research comprehensively. In the thread rolling, for example,
optimum blank diameters') and rolling forces?’ were examined, and it was pointed
out that an excessive amount of rolling decreased the fatigue strength?). 1In the
gear rolling, investigators aimed at the accuracy of the tooth profile generated in
various conditions®. In the cases of the cross rolling of a stepped shaft, rolling
force was analyzeds> and a crack which was initiated in the core of the work
material was observed®.

Attempts were also made to investigate the metal flow and contact condition?
in each machine element, but the actual state of the deformation was hardly
clarified because of lack of information. A strong need is therefore felt to take
a new look at what is really happening when the rolling dies engage into a cylin-
drical workpiece. '

Considering the four troubles above mentioned, the author has carried out a
series of experimental studies, in which the features of the products were altered
systematically. 1In the first place, cases of plain cylinders being rolled between
flat dies are dealt with, and a detailed mechanism of plastic kneading common to
all the components-rolling are fully clarified. Experimental results are supported
by proposing a new type of consistent shear line field by which far advanced in-
formation in the components-rolling can be made available. In the next place, the
forming procedure of a component having specific profile such as screw thread or
gear tooth is treated. By comparing the actual deformation with the process
models of rolling, points of importance in considering the process are revealed.
To detect a three dimensional pattern of the material flow, the split plug, buried
in the workpiece, has been employed. By examining a distorted grid of the plug,
the constituent deformation occurring in the core portion of the specimens is
revealed for the first time. Effect of this core distortion on formation of a
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surface feature has been assertained to find some controlling factors of deforma-
tion throughout a rolling process. Thus, (1) phenomena common to all the com-
ponents-rolling and (2) deformation characteristics in accordance with the individual
feature of a product have been clarified respectively.

2. Some Aspects of Deformation in Components-rolling

Fig. 1 shows a circumferential distribution of effective diameters of a screw
thread sold at a market which is ascertained by the two-wire method. Though
this is merely an example, we can notice a peculiar configuration of the cross-
sectional profile which is generally inherent in all the components-rolling. The
more of additional revolutions of the workpiece are given, the closer the accuracy
of roundness obtained may be, but an excessive rolling which brings about a crack
in the core zone of the material as illustrated in Fig. 2 is a trouble.

he e

Minimum Limit of

3IS Grade ~1 (¢ 11.103)

Minimum 1imit of the effective
diameter

I8 Grade-2 (411.028)

Fig. 1. Distribution of effective diameters Fig. 2. Crack initiated in the core of a
of a rolled screw thread sold at a screw thread.
market.

The photographs in Fig. 3 show the deformed grid-line patterns after rolling.
The deformed pattern was originally 0.1 mm square and the grid was scribed on
one parting plane of a flow-detective split plug which was previously built in the
workpiece. This is a useful technique in the laboratory to visualize the deforma-
tion of anywhere throughout the material, the details of which are found later
(see Chapter 5). In Fig. 3, (a) shows the cross section of a rolled blank with plain
dies (a plain cylindrical component was aimed at.), (b) is also the cross section of
a rolled screw thread, and (c) is that of a rolled spur gear. Curves in Fig. 4
show plots of the tangential displacement of each point on a radial line in Fig. 3.
As will be seen in Fig. 3 and Fig. 4, the deformation patterns of the above three
cases are mutually much alike in the core zone, but the conditions are somewhat
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Fig. 3. Deformed grid-line patterns after rolling.
(a) Plain cylindrical component (reduction: 2%3)
(b) Screw thread (root of a metric thread)
(¢) Spur gear (pressure angle: 30°)

peculiar in the surface region because
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tortion similar to that in Fig. 3 (a)
prevails all over the cross section of
the work material as shown in Fig. 4.
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Fig. 4. Distortion of a radial-line in a 0 5 —
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cross section. Radial position r/R’

3. Plastic Kneading in the Rolling of Cylindrical Components®

3. 1. Introduction

To analize in more detail the process of the components-rolling, it is necessary
to understand the plastic kneading which is seen in all the components-rolling. As
the plastic kneading is realized most outstandingly in the Mannesmann piercing
process, many studies have been made on this type of the forming process and
some investigators?) have proposed models of the deformation mechanics in rolling
a cylinder. The analyses, however, seem to lack something in completeness; for
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one thing, (1) they are independent of the rotation of the component on its axis, and
(2) they are inconsistent in the deformation field throughout a cross section of the
cylinder. The author proposed a prototype of a consistent shear line field1® in
1971, and recently, K. Kato tried to calculate an approximate value of the stress
by simplifying the author’s solution'?>. M. Hayama attempted to estimate the loads
and the contact widths in the lateral oblique upsetting of a cylinder using an upper
bound solution with the rigid triangle velocity field12>. The Hertzian contact of
the material has been examined by J. E. Merwin and others!3),

The current chapter deals with the cases of plain cylinders being rolled between
plain flat dies. Configuration and deformation of the material in rolling are clari-
fied. By examining the normal and tangential components of a force acting on the
die face with two kinds of specially equipped dies, the distribution of both com-
ponents of stress has been newly estimated. Experimental results are supported by
proposing a new type of shear line field according to which a far advanced infor-
mation on the essentials of deformation can be made available.

3. 2. Method of experiment and conditions

The scope of this treatment is limited
by the following conditions. <

(1) Type of tool: flat dies

(2) Surface of die: plain die without
any significant feature

(3) Rate of reduction: constant ex-
cept the run-in period !

So, the product obtained in this pro-
cess is a cylinderlike component as shown
in Fig. 3 (&) in which an extremity of

J
7o
ey

!

H %
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A sketch of the test rig is shown in
Fig. 5. A flat central-die (2 carried on a
diaphragm (1) was fixed to the upper part
of an oil hydraulic under-drive press, and
a pair of opposed-dies @ was mounted on
the moving table of the press. Two blank
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cylinders ® are rolled symmetrically and L ‘ NN

the normal components of forces acting ( ﬁ S
on the die faces are self-balanced. Pre-

vious to the rolling operation, blank cylin- Fig. 5. Apparatus for the rolling of
ders were fixed at their starting-positions cylindrical component.

with a set of gauge blocks. In the ex-

periment, two different types of central-die, which are shown in Fig. 6 and Fig. 7,
have been also used.

The normal component of stress acting on the die face was measured by a
pressure pin method. Details of the die with a pressure pin are given in Fig. 6.
The driving force (total tangential component of force acting on the die face) was
detected by wire strain gauges attached to the diaphragm (D). Distribution of the
tangential stresses was obtained from a central segmental-die (Fig. 7) whose seg-
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Fig. 6. Central die with a pressure pin. Fig. 7. Central segmental-die to measure
the distribution of shear stresses.

ments, &) and §), were connected by two tension plates 0. Contact of the com-
ponent with the die surface was on segment () at the early stage of the process,
moving on to segment () as the process continues and a part of the tangential
force on segment (5 gives a response through wire strain gauges on the tension
plates (7. Relative displacement of the central-die to the opposed-dies was detect-
ed by a variable-inductance type transducer.

As a blank material, A1100F (JIS) commercially pure aluminium was used in
the majority of the experiments and the stress-strain curve from a well-lubricated
compression test is given in Fig. 8. Blank cylinders with a diameter d, of 18.85
mm and a length /, of 50 mm were machined from bars in the as-received con-
dition. It has been made clear by experiment that the end effects were insignifi-

cant when [,/dy>2.5.

m2
>
!

True stress  Kgf/m
[én}

i

0 0.05 030 015 020
Logarithmic strain

Fig. 8. Flow stress-strain curve for Al100 aluminium obtained
from well lubricated compression test.

Reduction in the rolling, which is defined as {(original diameter of the blank)
- (minimum diameter of the rolled component)}/(original diameter of the blank),
was varied in the range of 0.5~2¢% and its variation was attained by inserting
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spacing collars of different heights between the opposed-dies. The dies, the collars
and the fastening bolts were designed to be sufficient in rigidity, and the inter-
spaces between the central-die and the opposed-dies were inspected by using the
gauge blocks.

Profiles of deformed components were measured by a toolmaker’'s microscope
with a detective feeler and a precision angular dividing attachment.

The specifications of tools, material used, and the other experimental conditions
are tabulated in Table 1.

Table 1. Experimental conditions (plastic kneading)

material : aluminium (Al1100 BE)*
0.2% proof stress : 4.8kgf/mm?2
blank material strain hardening exponent : 0.2
diameter : 18.85 mm

length : 50 mm

material : S55C
dies surface roughness : Rp.x=4rm
relative speed of two dies : 5.5 mm/sec

temperature (20+1)C
lubricant not used

reduction R={(D¢—Dmnin)/Do}x100%=(0.5~2)%
reduction Dy : original diamater of the blank

Duin : minimum diamater of the rolled component

* Lead was used in some experiments.

3. 3. Deformation of cylinders

Some of the specimens were cut into halves by a cross-sectional plane and grid
lines were scribed on the one side. Then, two halves were reassembled by glueing
with Araldite. The assembled total lengths of specimens are 100 mm and diameters

Fig. 9. Photographs of the distorted grids.
(a) reduction: 4.1 %, revolutions (number of turns): 1.25, material: lead
(b) reduction: 3.4 %, revolutions (number of turns): 1.5, material: lead
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19. 0 mm. Sample photograph of the distorted grids after initial 1.25 revolutions
with a reduction of 4.1 % is shown in Fig. 9(a). Continuing the rolling with some
larger reduction, a crack initiates near the central position of the specimen as in
Fig. 9(b).

The deformation in this process is obviously different from that!® in a lateral
compression without rolling. Supposing that the process continues in a steady
state, it was examined how the whole of the work material deformed plastically by
superposing two same photographs which are slightly shifted in rotation. To meet
the case, typical configuration of component might be drawn schematically as in
Fig. 10. The whole component is distorted plastically with little axial extension
and the contact region with the die is shifted toward the “inlet side” (A in Fig.
10).

There are three zones in the contact region: a small initial elastic zone, a
plastic zone, and a zone of elastic recovery. In Fig. 11 are shown the whole

A W B <
- K §03 -
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e ! N 3
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8 ~ = 202
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- é “ —S
e 2 3
\ ;‘E; S01+
\ =
1 "o
’ o I 1 ! !
- ‘——L 0 0.5 1.0 1.5 2.0
Die S Reduction %
Fig. 10. Typical configuration of a Fig. 11. Contact width of the components
cylindrical component in in rolling, after rolling and with-

rolling. out rolling.

Solid line: contact width during rolling
estimated from working period of a
pressure pin.

Broken line: width of flattened region
of the unloaded component after
rolling

Cain line: width of flattened region of
the laterally compressed component
without rolling

contact widths for aluminium specimens (Table 1) expressed in terms of w/(Dpin/
2). The solid line is the contact width during rolling estimated from working
period of a pressure pin, and the broken line is the width of flattened region of
the unloaded component. The former is larger than the latter by 3~5¢% of the
blank diameter and the specific difference between two curves, which suggests the
elastic recovery, is relatively large for low reductions. In comparison with the
lateral compression test without rolling, the flattened region of the case without
rolling, shown by a chain line in Fig. 11, is larger than that with rolling (broken
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line in Fig. 11) by 5~7 % of the blank
diameter. It will be evident that there
exists a drastic difference in deformation
mechanism between the rolling and the
lateral compression without rolling.
Profiles of components under steadily
deforming condition are shown in Fig. 12.
Notations in this figure correspond to
those in Fig. 10. Radius r changes in suc-
cession, and its variation is most remark-
able at the contact region A-B. The
position where the radius r attains the
minimum value should be right over the
center of component (C in Fig. 10).

Reduction | Revolution
— 1.92 % 0.86
Fig. 12. Measured profiles of components. 1 031 % 1.08
----- .43 % 1,03

3. 4. Forces and stresses acting on the contact region

The tangential driving force against revolutions of cylinder (die travel) curve
obtained in rolling an aluminium specimen with a reduction of 1.1% is given in
Fig. 13. Tangential driving force takes its maximum value at the stage after an

Reduction 110%

force F kg
=
[e=]

L

0 50 100 150 200

Tangential driving

' | Die travel s mm Fig. 13. Curve of tangential driving force
6 05 10 15 20 25 30 against revolutions of cylinder and

Revolutions of cylinder relative die travel.

2200

(o

150

s

2100

5

= 50

cgv Fig. 14. Total tangential driving force and

< { i i . .

S 0 a part of tangential force acting
115 120 125 130

N on segment 3.
Die travel s mm
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initial half-revolution of the component

and seems to keep a steady value after it =250
makes one revolution. In a steady state =
rolling, the total tangential force F and a .£200|

part of the tangential force Fp acting on
the segment 5 in Fig. 7 were recorded
as in Fig. 14.

A response of the pressure pin to the
normal component of force is shown in
Fig. 15. The pressure records were taken
in various positions of the die and it was
observed that a rather moderate change . | ;
of normal force also occurred at the early 85 70 s
stage of the process. ‘ Die travel s mm

From the records obtained as above,
the distributions of the normal and tan-
gential components of stress were esti-
mated as follows: The contact zone of a
component, when its width is smaller than the diameter of the pressure pin, extends
across the face of the pressure pin. Accordingly, the output of the pressure pin
(Fig. 15) can reflect not only the distribution of the normal components of stress
but also the area of a contact zone at the relevant instant. Having recource to
this fact, the distribution of the normal stresses can be estimated by a progressive
calculation (see Appendix). The distribution of the tangential stresses is computed
from the gradient of the load against die travel curve recorded by means of the
central segmental-die (Fig. 14).

Fig. 16 shows the distribution of both components of stress at a steady state
obtained by above techniques. In this
figure, the normal components represent

Reﬁ#g’g}?% the negative values of the stress. The
141% pressure is larger at the inlet side than
0.52% at the receding side, but its distribution
is rather moderate in undulation. On
the other hand, the shear stress distri-
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Fig. 15. Response of a pressure pin to the
normal component of force.
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10 bution shows an inexpected tendency.
0 In the case of a large reduction, distri-
“§ bution curve of the shear stress has a
%a & strong peak at a receding side. With a
"‘: 4 decrease of the reduction, the peak
s 3 diminishes gradually, and the shear action
"f 2 becomes more serious rather at the inlet
£ side. Since the proof stress of the
“ 9 material is 4.8 kgf/mm?2, it seems that
Inlet side e Receding'side on the whole a rather high pressure is
(Ain Fig.10) Imm (8 in Fig.10) . . .
Contact region introduced in the contact region and a

sufficient interfacial shear stress is
generated at the receding side to revo-
lve the material.

For the steady state, the mean va-

Fig. 16. Distributions of the normal and
tangential components of stress
in the contact region.
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lues of the pressure and the shear stress are plotted against the reduction in
Fig. 17. Though a change in the reduction influences the mean shear stress to a
significant extent, one might expect that the mean pressure would scarcely reflect
the rolling condition.

Referring to Fig. 17, the ratio of the mean shearing stress 7 to the mean
pressure p will be easily calculated, the result of which is shown in Fig. 18. In
the figure the ratio of contact width to minimum diameter of the rolled component
/Dy is shown for comparison. It will be seen that the 7/5 values give a trend
similar to the w/Dn. curve which states approximately the static equilibrium of
the moments due to the external forces.

Yz & .":‘O‘I 5
20} _Oo__gw 3% S °© T/P
Et’ < g =W / Dmin, Q
o o 1: [Q: 0.10 |~ [sieReast 2
s o -7 2 g 1(? 5 t,,/’ %o
3 e < + .
Siol- oz . o~ &
a -~ T < ~0
h =g o 0.05 e
P _,/G 1] ®
= &
2
I | | 0 : ' ‘
0 0.5 1.0 1.5 2.0
2. . :
0 05 10 Reducgi‘gn o 20 Réduction %
Fig. 17. Mean values of the pressure and Fig. 18. Ratio of the mean shearing stress
the shear stress in the contact to the mean pressure and ratio
region. of the contact width to the mini-
mum diameter of the rolled com-
ponent.

3. 5. Proposal of a shear line field

The deformed grid pattern in Fig. 9 reveals a final distortion of the coxnponent,
but it appears impossible to state where the largest strain rate occurs and in what

0c-shear line

B-shear ling

(a) Shear line field. (b) Hodograph.
Fig. 19. A shear line field compatible.
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direction the metal particles flow. Supposing that the process continues in a steady
state, a displacement vector diagram is yielded by superposing two same photo-
graphs which are slightly shifted in rotation. Referring to the approximate instan-
taneous velocities and the stresses described, the author proposes a consistent shear
line field for a plane plastic deformation of a plastic-rigid body as in Fig. 19. The
relative rotative movement of die and the equilibrium of moments are taken into
consideration to construct the shear line field throughout a cross section of the
work material.

3. 6. Summary

The investigation reveals a detailed mechanism of the plastic kneading which is
observed when a plain cylinder is rolled between the plain flat dies. On the basis
of this experimental study, fundamental phenomena common to all the components-
rolling have been fully clarified.

The results obtained are summarized as follows:

(1) The deformation process which takes place in rolling a cylindrical com-
ponent is quite dissimilar to that in a lateral compression without rolling. The
whole work material deforms plastically presenting a particular configuration of
the cross sectional profile which is generally inherent in all the components-rolling.

(2) There are three zones in the contact region, namely, a small initial elastic
zone at the inlet side, a plastic zone extending to the receding side, and a zone of
elastic recovery.

(3) The normal and tangential components of a force acting on die face were
examined by experiment with two specially equipped dies, and the tangential stress
shows a somewhat unexpected tendency which suggests a deformation mechanism
particular to the comonents-rolling.

(4) The t/p values coincide with the /Dy, value which is determined by
the geometry of the contact. When the 7/7 value does not follow the w/Dpi. value,
the rolling will be impossible because of the slipping.

(5) Experimental results were supported by proposing a new type of consistent
shear line field by which far advanced information on the essentials of deformation
in the components-rolling can be made available.

4. Profile-shaping Process in the Rolling of Some Rotational Components
Having Functional Features such as Screws and Gearsls

4. 1. Introduction

In Chapter 3, cases of plain cylinders being rolled between plain flat dies were
dealt with, and fundamental phenomena observed commonly to all the components-
rolling were fully clarified.

In this chapter, the forming procedure of a component having specific profile
such as screw thread or gear teeth will be treated.

First, a method of composing a deformation model of rolling will be proposed
to give a criterion for the actual deformation. The composition is originally based
on some simple accepted assumptions which are plausible. By comparing the actual
deformation with this model, points of importance in considering the process were
revealed. A point worth notice is a peculiar distortion common to the rolling.
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When such a distortion is once brought about in the cross sectional figure, it will
be retained and brought eventually into the finished parts. This chapter deals
principally with the influence of this distortion on the forming mechanism of the
profile features such as screw thread and gear teeth. Though, in this research,
specimens for screw or for gear do not give exactly the form of a male screw or
of a spur gear, hereafter they will be referred to simply as “the screw” or as “the
gear”, and their specific profile portions will be inclusively represented by a term
“feature”.

4. 2. Method of experiment and conditions

A sketch of the test rig is shown in Fig. 20. Rolling method is the same as
the one in Chapter 3 in which two blank cylinders were rolled simultaneously.
This time, however, the pressure-pin method formerly employed for measuring die
pressure should be abandoned because of the specific profile of the workpiece.
So, it was decided to detect the normal component of force acting on the die face
by the wire strain gauges attached on the tie-rods. In spite of the evident ability
of this testing device, details of the load measuring system as well as the examina-
tion of the rolling force will be left to the next chapter.

Cross head beam of the press \\
AVEAY \ A A\ A

l Diaphragm

Central-die

W I ) PR | .
A Paird?g_ 15_‘ i —’ ::1 X \\\
opposed-dic . | ;

/

e o I ) T v

Blank cylinder—4 ] l b
— N 1732
[ -0 o A I | g l \\\
1 & |} H N
L[: (AN A L_J ~a . 1\
Wi
strain ‘ 0,214 4132 o191

S1ide gauges : \\]\\
bearings . M \ \

Table attached to the press ram ‘

Fig. 20. Tool arrangement for Fig. 21. The profile feature of
components-rolling. the dies.

Two pairs of forming dies are provided with a profile feature of triangular
ridges which are common to both the screw and the gear except the lead angle of
0° in the former in contrast with 90° in the latter. The cross section of the dies’
feature has an old standard form of metric thread of a 2mm pitch as shown in
Fig. 21.

The specifications of tools, material used, and the other conditions are tabula-
ted in Table 2.

Fig. 22 shows the details of inlet part of the die whose proportion is in accord
with the practice in the production line. This inlet ramp of the working face of
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Table 2. Experimental conditions (components-rolling)

flat dies for the screw | flat dies for the gear
dies lead angle: 3=0°, pitch: Z2mm lead angle: $=90°, pitch: 2mm
pressure angle: 30°
blank sizes diameter : 16.52 mm diameter : 16.68 mm
length: 50 mm length: 50mm
blank material aluminium A1050F aluminium A1050F
screw-like component gear-like component
products effective diameter: 16.438 mm diameter of pitch circle:
16.553 mm
lubricant: not used lubricant: not used
other conditions |rolling speed: 5.3 mm/s rolling speed: 5.3 mm/s
temperature: (20+1)C temperature: (20+1)C
. B9F Compression 'test
£
£
Py
R (0.64rev.of B8 100 el
Opposed-die 2 specimen) - pg——
i e w o )
1 1 — w
. | Parallel part Inlet ramp v E
""""""""" o i 80
Blank (-@—.‘x > @
] o
e St =
= o e 2
Central-die =
0 005 a0 ars 020 s
Logarithmic strain

Fig. 22. Details of the inlet part of die. Fig. 23. Flow stress-strain curve for
A1050F aluminium.

the outside dies determines the amount of die penetration per each half revolution
of the blank. In this case, the inlet ramp can give a revolution of 0.64 before
the workpiece reaches the parallel portion of the die. Therefore, the specimen as
a whole completes a full reduction after revolving an amount of 1. 14, as this ulti-
mate reduction is given by a constant clearance between parallel parts of dies.
For this reason, only the phenomena during initial 1.5 revolutions will be described
in this chapter. though 5 to 7 revolutions are generally needed for completion of a
practical process.

Specimens are cut from commercially pure aluminium bars of the specification
A1050F (proof stress=6.69kgf/mm?), their stress-strain curve by a well-lubricat-
ed compression test is given in Fig. 23.

Profiles of deformed components were measured by a tool-makers’ microscope
with a precision angular dividing attachment and a tracer-type form tester, and
deviations of the equivalent effective diameters of a half-rolled product from the
final effective diameter aimed at were measured by a floating micrometer with
two appropriate cylinders.

4. 3. Configuration of workpieces in rolling
Fig. 24 (a) shows circumferential distributions of effective diameters measured
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Fig. 24. (a) Peripheral distribution of
effective diameters in the
SCrew.

(b) Peripheral distribution of pitch
diameters in the gear.

along a groove generated in the screw by two-wire method. Since the curves in
this figure represent merely deviations from the final value of an ideal effective
diameter, the realistic configuration typical of rolling should be the one schemati-
cally illustrated in Fig. 25. It appears to have something in common with the

cross sections of plain cylinders being
rolled between flat dies as shown in
Chapter 3. Though a deviation in effec-
tive diameters decreases with the number
of turns, a roundness deviation in effec-
tive diameter stands at more than 0.2 mm
even after initial 1.5 revolutions*.

Fig. 24 (b) shows deviations in the
pitch diameter of the gear, which are
measured by the over-pin method. These
deviations seem to be the same in nature
as those in effective diameter.

In order to have the circumferential
profile on the whole in the screw, a
workpiece rolled halfway was taken out
and mounted between centers of a circular
dividing attachment of toolmakers’ micro-
scope. Thus the diameters of the root
and the crest at any peripheral position
could be measured by means of the stage

t

4
,1:; Y LdZ

CO : Center of the bite

Fig. 25. General material configuration
typical of the components-rolling.

* As would be seen in Fig. 1, we could notice also such a peculiar configuration of
the cross-sectional profile of a screw thread sold in the market, in which the

number of turns seemes to be 6~7 rev..
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micrometer of the microscope. The results obtained at three stages can be plotted
as shown in Fig. 26. Deviations of the root diameters (black points) from a circle
are evident with consequent variation in the height of thread (radial distance from
a white point to a black one).

In the case of the gear, the halfway-rolled workpiece was mounted directly on
the stage-glass of the microscope so that its axis coincided with the rotating axis
of the stage. Points in Fig. 27 represent circumferential traces of tips and roots
of the gear. By comparison of these figures, the gear appears to decrease the
irregularity of its cylindrical form more in the earlier stage of revolution than
the screw.

(b) 0.75 rev. (c) 1.0 rev.
Fig. 26. Peripheral distribution of minor and major diameters in the screw.
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(b) 0.75 rev. (¢) 1.0 rev.
Fig. 27. Peripheral distribution of root and tip cylinders in the gear.

4. 4. Process of die pemetration in the components-rolling

In the components-rolling, the specimen undergoes die penetration in a quite
different manner from that seen in the strip rolling or other continuous processes.
It is important in studying the mechanics and metal flow of a blank to realize the
condition of die penetration and its effects on each point of a specimen. As the
dies shown in Fig. 22 bite into a blank cylinder and the rolling goes om, the bitten
portions of material should suffer a nominal reduction in diameter along a straight
envelope line OPQ in Fig. 28 where the line OP corresponds to the inlet ramp of
the die and PQ to the parallel portion in Fig. 22. Fig. 29 shows the spatial identifica-
tion of a cylinder referring to which the position of the specimen at a rolling
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E Number of turns rev.
0= ’,\025 %5 Q75 |‘|O ']25 |.|5 Blank surface
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Sink from the blank surface

Fig. 28. Die penetration and corresponding passage of rolling which each
point followed.

stage is considered. The bitten portions
of material are indicated by 0 and 4, and
other intermediate portions are identified
by adaptable numbers. Refferring to this
positional notation, the point 0 fixed on
the material, for example, situated on 0
at the initial stage should undergo a first
reduction 0;1 (in Fig. 28) at point 4
after an initial rev. of 0.5, and a second
reduction 0; I’ at point 8 after a total
rev. of 1.0. On the other hand, material
point 2’, which starts from a position 2,
undergoes a first reduction 2; 1 at point
4 after an initial rev. of 0.25, and a Fig. 29. Spatial identification of
second reduction 2; T’ after a total rev. a cylinder.

of 0.75 1In this manner, at every half

revolution the material undergoes a different incremental amount of die penetration
according to its peripheral position occupied when the rolling starts. Thus the
amounts of incremental reduction and their imposing stage vary considerably,
though the amount of final penetration (PQ) should be equal for all the material
points. It is essential to understanding the components-rolling to realize the
variety of this deformation career distributed along the periphery of the specimen.

4. 5. Composition of the deformation models

Though the distortion of a cross section shown in Fig. 26 and Fig. 27 tells an
aspect of deformation in its own way, a more detailed character of the process
will be elucidated by visualizing the “process models of forming” and comparing
them with the experimentals. A process model for the screw can be constructed
on the basis of the condition of volume constancy and some simple assumptions as
follows.
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(1) Total length of a specimen does not change throughout the process.
Accordingly, a radius which passes through a crest or a bottom of the thread does
not move in axial direction.

(2) A meridian plane remains a plane during the process.

(3) Die penetration causes a piling up of the thread ridges so as to compen-
sate just the volume of sinking in the contact region. Unconstrained surface which
is free from tools (for example, 1, 2, 3 in Fig. 29) remains as rolled, its radius
being the same as OB in Fig. 25. In other words, the core of the specimen can
not deform plastically.

(4) In profile of the meridian section at any intermediate stage, the crest
assumes a plateau constructed by an axial-paralle! line.

Assumption (3) is, among others, very influential in description of the defor-
mation pattern and in estimating the forces required, as will be found in the next
chapter.

Fig. 30 shows plots of the calculated
major and minor diameters of the screw
at three stages in a process. “Distortions
in cross section due to die penetration”
are well seen in these curves, but this
type of distortion should disappear after
initial 1.14 revolutions in this process
model.

On the other hand, process models
for the gear are constructed on the fol-
lowing assumptions.

(1) Total length of a specimen does
not change throughout the process.

(2) A meridian plane of symmetry
which passes middle of a tooth width or Fig. 30. Process models of the screw.

a space width remains a plane during a
process.

(3) Central angle between the neighbouring meridian planes mentioned above
keeps a constant value, and the tool engages with involute tooth form of the
specimen properly.

(4) Tip surface of the tooth piles up in the space of the die profile retaining
a cylindrical form.

In fact, the calculated values of piling up under a constant penetration of dies
showed little difference between the screw and the gear.

Blank
, diameter

Major
diameter /

\ Minor
d;l‘ame ter

.hrev

N

075rev

,,\

1lo0rev

4. 6. Comparison of the experimental process with the model, and
discussion

As the model might be supposed to give a copy-book deformation, by com-
parison of the experimentals with this model we can easily get an idea of how
unexpectedly a real material behaves.

Turning to Fig. 26 again, two kinked fine lines show the circumferential root
and crest lines by the model drawn to make a comparison with the experimentals,
where the full line represents the root and the broken line the crest. It will be
seen that the agreement in the root diameter, between black points and full lines,
is fairly good at the initial stage of 0.5 rev. (Fig. 26 (a)). As the rolling goes
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on, however, the actual root diameter becomes far larger than the model diameter
except at the center of bite C as will be seen in Fig. 26 (b). Since a penetration
is always accompanied by a lateral expansion of the core as a whole, the experi-
mental root diameter shown in Fig 26 (c¢) becomes considerably larger than the
models’, Moreover, the actual height of threads obtained is shorter on the whole
than the models’ except in certain portions in (a). According to the model the
crest should pile up rapidly near the bite center due to the rapid sinking at the
root, but the actual piling up is quite moderate. So, undoubtedly some of the
assumptions in section 4. 5., so far accepted by many investigators in considering
the deformation mechanics of components-rolling, cannot be said to hold for fur-
ther analyses.

An examination of three dimensional pattern of the metal flow in the specimens
and its effects on the forces required will be described in the next chapter. Here,
in view of only the deformation some comments on the assumptions will be given
in brief.

Assumption (1) is said to be practically correct: the reason will be shown in
Chapter 5 where the so called ‘split plug’ method is applied for detailed strain
analysis.

Assumption (2) is incorrect in the strict sense as will be seen in Fig. 3 (b)
and Fig. 4, but even when the distortion
of the meridian plane exists to some
degree, it is thought that this distortion
will scarcely affect the behavior of piling
up of the thread ridges. The form tester
record gave such a profile curve at the

Inlet side Receding side

bitten portion of a cross section through !

a root as in Fig 31, and it is evident 1 mm

that no bulging at the inlet side did occur. Fig. 31. Profile curve at the bitten por-
Assumption (3) is unrealistic, because tion of a cross section through

the difference between the observations a root of a screw.

and the process models will never be un-
derstood unless we assume that the ma-
terial undergoes plastic deformation as a
whole. As will be shown later, feature-
formation component of a penetration,
which can be estimated by subtracting
core distortion component from an appa-
rent penetration, should be applied to the
process models,

Assumption (4) is correct except at »
the initial stage of the rolling. Fig 32 4

shows a stereo-graphical view of a thread ‘ £

. . 7 £
profile recorded by a form tester, in -—--—x/"*‘ S \g
which we can see a localized piling-up at W e
the beginning stage of bite, and this would
bring about an under-estimatiton of the Tmm
major diameter by the process model Fig. 32. Stereo-graphical view of a thread

shown in Fig. 26(a). profile.
Fig. 27 gives similar analyses on the
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gear**  In the gear, though the general tendency was similar to the screw, the
observed root cylinder came closer to the model in Fig. (¢). The tip cylinder
observed was smaller than the model. Comparison of the gear tooth forms between
the ideal and an observed one is made in Fig. 33. As will be seen from Fig. 27
and Fig. 33, in case of the .gear not onty the assumption (3) but also (4) seems
incorrect.

C
—mm, mm,
(a) Ideal form (b) Observed form (1.25 rev.)

Fig. 33. Gear tooth forms.

Referring to Fig. 26 and 27, we can see how the height of the thread or the
tooth grows with the number of turns. Fig. 34 gives this development by so to
say the feature-forming-ratio @=5h/h, against the number of turns of component,
where % is the current height of a thread or of a tooth, and A; the final must-

Brocess models

Ga
Process models § 1.0 ,’;
& lor I’_[f‘ T L%
= - hmﬂ/hf "
< 2 - 4
= s Observed values
¥ osl £ 057 4
; | £ hmin/hF
g
p
I :
g ‘;; 1 1
o O - : . L £ 0
& Yo 05 1O 15 38 o} a5 1.0 15
Number of turns rev. Number of turns vev.
(a) Screw (b) Gear

Fig. 34. Feature-forming-ratio.

height. As illustrated in Fig. 35, the % values, both in the process models and
the observed results, vary with the circumferential position. Thus, the feature-
forming-ratios observed should be represented for ranges between /fimex/f: and fmin
/hy as vertical lines shown in Fig. 34. In the case of the screw (Fig. (a)), as well

%k In the experiment on the gear, die working space was set a little narrower than
the nominal value intentionally.
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as the gear (Fig. (b)), observed feature-
forming-ratios appear to develop fairly
more slowly than those of the process
models, and this suggests that the central
core of the components deforms plasti-
cally so as to have a share of the die
penetration.

Supposing that Fig. 35 shows the
cross-sectional configuration of the screw
when it has made a number of turns of
0.75, the material points C’ and C” are
just passing through a spatially fixed point
0 in Fig. 29, and the points A’ ane A”
are beginning to contact with a die at
the inlet side. Tracking these material
points from the beginning of the process,
current major and minor diameters cor-
responding to these points were measured.
The results are shown by plots in Fig.
36. (a) gives an aspect of the actual die
penetration into a material in the case of
the screw which was assumed to take an

23

Fig. 35. Specification of the typical

profile.

ideal form of 2, T 2¢" 1" in Fig. 28. It should be noted that the diameters really

increase for periods of 2 to 3 and 4 to 5 and so on.

If we pay attention to the

poiot of 0.75 rev., then we see that h,.. is represented by the ordinate difference
Turning our eyes on another

7

of C,/ C,” and hn. is given by that of Az Aj”.
material point of the same specimen, for example 0 0,/ I 0" I

in Fig. 28, we

can see the actual passage of rolling as illustrated in Fig. 36 (b).
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Fig. 36. Actual rolling passage of some points on a specimen (screw).
(a) Material point situated on the position 2 or 6 in Fig. 29 at

the initial stage.

(b) Material point started from the position 0 or 4 in Fig. 29.
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According to Fig. 35, a radial length of C’ C” which gives Jfm.. at 0.75 rev.
should become },;, after about 0.47 rev. when the situation becomes similar to
A’ A" of the beginning of bite. But, if we assume that a height of the feature
once attained does not change during the free revolution of about 0.5 after leaving
the die, we can regard /... of about half a rev. before the referred stage as /imin
at that stage. Points denoted by A (mark) in Fig. 34 are thus plotted as guessed
hmin's. It will be seen in the figure that, in the screw, guessed points almost lie
on the Jimia/he curve, but, in the gear, they are somewhat smaller than the observed
values. In the latter case, it was observed that the rolling action to generate a
tooth form was still effective in the receding side and this brought about a certain
increase of the diameter.

Fig. 37 shows the distortion of the core by the ratio dmax/dmin Of the max-
imum and the minimum of the root diameters. In the case of the screw (a),
distortion observed is far larger than that expected from the process models, and
a distortion once brought about in the cross section is difficult to vanish completely
and it is brought eventually into the finished parts. In the case of the gear (b), a
distortion observed seems to be similar to one of the process models, but the plastic
kneading action in the tooth itself or around the root, as would be seen in Fig. 3
(¢) in Chapter 3, will cause troublesome problems.
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=1 Number of turns rev, = Number of turns rev.
(a) Screw (b) Gear

Fig. 37. Distortion of the core.

4. 7. Summary

By means of experimental rolling of screw-like and gear-like components with
profiled straight dies, shapes which blank cylinders come to develop in a process
were observed in detail and processes of forming their functional features were
fully examined.

The results obtained are summarized as follows:

(1) In the components-rolling, the process of the die penetration into a spe-
cimen is quite different from those seen in the strip rolling or other continuous
processes. It is important to realize that the career of deformation varies from
point to point in a specimen.

(2) Process models of rolling were proposed on the basis of some simple
assumptions. Observed results did not agree with those process models except at
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the initial stage of rolling, and -this fact told us that the whole work material was
really subjected to plastic deformation. Plastic deformation in the core part of
the specimen appears to have considerable influence on the forming of profile
features. Such being the case, the process models requires some corrections as
will be shown in the next chapter.

(3) Distorted figure in the cross section is brought into the finished parts
and it seems to limit the accuracy of the products.

(4) Even though the occurrence of deformation in the core part delays the
piling up of the feature to some degree, it brings about a more effective die
penetration in the subsequent stage of rolling. So, even in the stage of smooth-
out-rolling the feature continues to pile up, which phenomenon was more remark-
able in the case of the screw. On the results of this chapter, deformation and
the rolling forces will be analyzed in the next chapter.

5. Analysis of the Rolling Process!®

4. 1. Introduction

As described in Chapter 4, plastic deformation in the core part of the specimen
appears to have considerable influence on the forming of profile features. Continued
from the preceding research, rolling experiments were carried out on the screw-
like and gear-like components to discriminate the core distortion component from
the feature formation component. In particular, the author applied the split plug
to an analysis of a three dimensional flow taking place in the material. Having
recourse to this plug makes it possible to attain a consistent understanding of the
phenomena encountered on the process and clarify the plastic flow which really
occurs in the specimens.

It would be worth mention that by this analysis the constituent deformation
occurring in the core portion of the specimens has been revealed for the first
time. Effect of this core distortion on formation of the surface features has been
ascertained and the controlling factors of compatibility of the core distortion and
the feature formation are clarified. In this way, the mechanics inherent in the
components-rolling has been visualized.

5. 2. Method of experiment and conditions

Experimental rolling device utilized is the same as the one shown in Fig. 20.
Two flat dies facing each other move upwards relative to a central fixed die and
two test specimens are rolled simultaneously. The tangential force is measured by
resistance strain gauges attached to a diaphragm which is connected to the central
die. The normal force is caught by those attached to four pillars connecting
opposed dies which are laid on the moving table of an oil hydraulic press through
flat caged needle roller bearings.

Accorcing to the caribration of the normal force, it was found that the inter-
ference caused by the tangential force was less than 2.5% and the maximum elastic
receding of opposed dies was less than 7 pm.

The profile of dies was characterized by a standard metric thread of Zmm
pitch, lead angles of which are 0° in the screw and 90° in the gear. The material
is aluminium AI050F bar of about 16.5mm in diameter, its proof stress being
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6.69kgf/mm? and the strain hardening exponent 0.18 (see Fig. 23). With regard
to the experimental conditions, refer to Table 2 in Chapter 4.

5. 8. Detector of deformation, the split plug

The split plug ao called here is a small cylinder turned from an aluminium bar
of the same material as the test specimen so as to make the workpiece material
uniform as a whole when it is buried diametrically in a specimen.

The plug, 6mm in diameter, is split into halves by one meridian plane and on
one of the parting planes square grid lines of 0.1mm space are scribed with a
diamond needle. Fitting scheme of the plug is shown in Fig. 38.

In experiment, after a prescribed num-
ber of turns of the specimen the plug
was removed from it and the grid points
were examined by viewing the sectional .
plane by a universal measuring projector. - Bonmg
Their coordinates were read by a stage ‘\) T
micrometer. The whole image of the
section on the screen could be photogra-

phed for a general analysis of deforma-
tion.

As described in Chapter 4 the defor-
mation history which a material portion in
a specimen experiences is different ac-
cording to the peripheral position occupied
when the working starts with an initial
bite. These initial positions have been
identified by numbers 0 to 8 as shown in
Fig. 29. The plugs could be so located Finish machining of
that its axis coincides with any particular the  cylindrical surface
initial position, its sectional plane coincid-
ing with a cross sectional plan of the
specimen or a meridian plane. Here the
initial positions and their working paths corresponding to only 0—4 and 2—6 axes
will be treated identifying each by the path I and the path I as will be seen in
Table 3.

. Grid lines
of 0.1 mm space_

s

Fig. 38. Fitting scheme of the split plug.

5. 4. Observation of the movement of grid points according to
‘the split plug

The notations ¢ to % and &’ to i/ in Table 3 indicate respectively the length
of path in I and I. Here, in order to represent the movement of a point an
orthogonal system of coordinates is adopted as shown by (a) in Fig. 39 in which
Oz corresponds to the specimen axis and Ox is so fixed that this line coincides
with the central grid line of the plug after a prescribed rotation. Oy is perpendi-
cular to Oz and Ox. Thus the displacement components in x, y directions are
denoted by 4§, and 8,. In axial direction, the strain was detected referring to a
grid space of 0.4 mm and denoted by 4/,/l, (see Fig. 39(b)). Fig. 40 shows by an
example how the grid buried in a gear blank deforms after a revolution of 1.375.
Fig. 41 shows how points on the central line move radially after various rotations,
in which the ordinate means a specific movement relative to the current root
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Teble 3 The initial positions and their working paths
of the buried plugs.

Path 1 Path 11
History TeVv. History rev,
0—3 0.375

0—4 0.5 ¥i2—-6 |05

0—5 10625 c¢|2~7 ]0.625
06 075 1d'12-8 |0.75
0—7 0.875 1l ¢/ |2 ->8+1| 0.875
0—38 1.0 712 ->8+2|1.0

0—-8+1|1.125 || ¢’{2 —8+8|1.125
0-8+2/1.25 || W12 -8+4|125
i’|2 »8+5|1.875
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8|0 I
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5 3
g£§3r201nt Grid point
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deformation “/\\A‘
Loy '
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el

Before deformation after deformation
(a) Displacement of a point (b) Axial elongation

Fig. 39. Coordinates to represent the movement of a point and the axial strain.
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Movement of the grid points &§x/R'
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(a) Screw (to root)

S. Tsutsumi

Fig. 40. Example photograph of a deformed

Movement of the grid points §y/R'

Fig. 41. Movement of the

grid.

Gear(to root)
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—0.03

—0.04

—0.05
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(b) Gear (to root)
grid point dz/R.
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radius (or radius of the root circle) at that stage of rotation and the abscissa
means a relative radial position to the same root radili. Notations « to % etc.
mean the amount of rotation.

Fig. 42 shows also the deflection of the central grid line in y direction.

Screw
0.04 Gear (to root)

0.03

0.03 —

0.02

[=]
<D
0D
by
—

Movement of the grid points &y /R’

Movement of the grid points Sy/R!

0.01
0.01
0
0 f
-0.01 Y
—-0.01 —d
0 02 04 06 08 1.0 1.2 0 0.2 04 0.6 0.8 1.0 1.2
Radial position r/R!’ Radial position r/R!
(a) Screw (b) Gear (to root)

Fig. 42. Movement of the grid point /R’

Fig. 43 shows the strains at the top and the root of a screw thread and a
gear tooth in z direction which are taken from the 4/,/l, 's of meridional grid
lines.

As will be seen from these figures, the material suffers vigorous movement
when the concerned portion of the specimen passes through the bite portion 0 or
4 (in the pathI, ¢ to ¢, in the path 1, ¢’ to ¢). However, the circumstance is
fairly the same in the free rotation zone i. e. in the path I, ¢ to ¢, or in the
path I, ¢ to g.

From these observations it will follow that:

(1) The deformation prevails in the specimen on the whole making no except-
ions of the central core. It should be noted that in studying the phenomena one
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cannot neglect this central core deformation.

(2) Even at a constant final penetration of the dies, material follows different
deformation paths according to the initial position occupied when the first bite
starts, resulting in a particular ultimate position of material.

(3) Judging from Figs. 41 and 43 distribution trends in 4§, and 4/,/l, exhibit
considerable changes around r/R’=0.9 so that in the region of r/R’<{0.9 the material
undergoes a distortion as a whole and in that of r/R’>0.9 the material suffers a
severe local deformation, thus forming the characteristic feature.

(4) There exist no axial movements of material in the core of the specimen.

From all the above, it appears that a penetration which is imposed by rolling
dies cannot be completely utilized for piling up of the feature but a part of it
must be consumed for distorting the central core. Consequently, it becomes desir-
able to know what part of a penetration could be consumed for this central
distortion.

5. 5. Compatibility of the feature-formation component and
the core-distovtion component in a penetration per bite

So far, it has been supposed that a penetration imposed by the dies on the
blank cylinder might consist of a core-distortion component and a feature-formation
component. In order to discriminate these components in a penetration, attention
was paid to the displacement of the radial grid line, in particular to two points on
it. They are the surface point and the point at 0.9R’. So, radial movements of
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these points appearing in Fig. 41 were taken. They were denoted by &.(surface)
and d;(r=0.9R") and plotted in the order of paths shown in Table 3. Results are
summarized in Fig. 44 and 45. Black circles correspond to the ones representing
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Fig. 44. Movement of the grid point d(surface).

the root portion of the profile feature and white ones to the tip portion. Thus an
ordinate difference in white and black circles means height of the formed profiles.
One can realize by these figures how the material behaves with a period of 0.5
revolutions. ’

Now, referring to the simplified penetration model shown in Fig. 46 any ma-
terial point on the surface must suffer successive penetrations (46,), at every 0.5
turns. With this penetration per bite the point at 0.9R’ must move an amount of
(405)4« which would be regarded as the movement consumed by the core distortion.
So the difference (48,),—(48.)q may be regarded as a penetration component
utilized to form the profile features. This penetration component will be referred
to as the feature-formation component of penetration and denoted by (464),.

If we consider the path I of a screw, it will be noticed that ¢’ of 0.625 rev.
and d’ of 0.75 rev.,, for example, represent the situations of the point before and
just after the second bite. So, we can find the penetration per bite in this period
to be (405),=0.385mm by reading the ordinate difference between ¢’ and d’ of the
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Fig. 45. Movement of the grid point 6.(r=0. 9R").
[Marks in the figures: the same as in Fig. 447

black circles in Fig. 44(a). On the other
hand, that of the black or white circles
in Fig. 45 should be the core-distortion
component in this period, i. e. (46x)q=
0.105mm. Consequently, we can obtain
the feature-formation component (4dx),
in this period as follows. (4dy)p,= (485
— (464) ¢=0.385-0. 105=0. 280 mm. Apply-
ing similar considerations to the period
of a to b, ¢ to f, etc, both components
of penetration of the screw in the process
can be given in Fig. 47. Supposing that
an observer stands on the spatial point 0
or 4 and observes how the balance of

Central core Feature

(Adx)p= (Adx) = (Adx)g, Ah=h, —h

Fig. 46. Simplified penetration model.

(48y), and (46,), fluctuates as the material points are successively passing through
this biting portion, he can find that the plots of (48,), and (46,) . against the number
of turns become the ones as given in Fig. 47. In this figure, particularly, 31(40x),
is also plotted by adding up the penetrations per bite of every 0.5 revolutions.
Applying these values of 3}(44d.), instead of 33(46,), to the process models pro-
posed in Chapter 4, we can estimate the feature-forming-ratio ¢ as indicated with
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Fig. 47. Components in a penetration per Fig. 48. Components in a penetration per

bite and feature-forming ratio bite and feature-forming ratio
(screw). (gear).

the small circles in (b) of the same figure, which shows good agreement with the
observed results of +4 mark. The value of ¢ is given by ¢=h/h;, where & is the
current height of a thread and A; the final must -height.

Fig. 48 shows a similar diagram for the gear. But, in this case, since the
forming action is still effective in the receding side, SH(465),+(405) ey can well
be utilized to predict the feature-forming-ratio, where (465)p, 1s the feature-
formation component corresponding to the receding side.

Now, let us consider the cross-sectional profile of the components. Combining
the core-distortion component of (48,)s with the result obtained by the plastic
kneading of plain cylinders (Chapter 3), one can predict the contact width in cross
section as follows. Assuming that the central core of the component does not
deform at all, nominal value of contact width of w' between tools and material
can be estimated by a simple geometry shown in Fig. 49 (a) which has no contact
region in the receding side. Nominal contact widths of the screw are also calculated
by taking measured value of (48;), as (Do—Dumia)/2 in Fig. 49 (a). The result is
represented in Fig. 50 by small white circles. As referred to in Chapter 3, in the
case of the plastic kneading, contact widths of w can be plotted as a full line in
Fig. 49(b). The nominal value of w’ above estimated becomes smaller than this w
as shown in the same figure. The values of (w—w’) should be thought as a modi-
fication introduced by the plastic deformation of the central core. Considering
that the reduction in Fig. 49(b) corresponds to (465)q/R’ in this case, we are able
to have plots of the modification value of the screw as small black circles in Fig.
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Fig. 49. Nominal contact width and its modification.

50. Full line in Fig. 50 represents the
estimated values of the contact widths 4

thus obtained. They agree with the ob- £ A Observed
served values!” marked A. ZE 3l results
After all, the determinant factor % W O,
which really concerns the piling up of the & ol
profile feature is not the whole penetra- 3 \\ W+ (w—w’)
tion per bite of (4d,). but (4dy), of the § . e
feature-formation component. So the dif- | w—wle ) _.x\’\q‘
ference, (48y).— (40,),=(48,)q is con- e
sumed for the core distortion. The balance ‘00 0"5 I.'O 15

and magnitude of the feature-formation
component and the core-distortion com-
ponent vary with the rolling conditions
and the rolling stages, and the compati-
bility of both components determines the formation rate of the feature, distortion
of the core and the contact region between the tools and material. Though the
technique to resolve the die penetration into two components is an expedient, it is
useful to analyze the deformation and predict the form of the products. Next we
will consider the mechanics which determine the compatibility of these components

Number of turns rev.
Fig. 50. Contact width of the screw.

5. 6. Rolling forces

The normal reaction and tangential driving force observable in the rolling of a
screw and a gear, are exemplified in Fig. 51 (a) and (b). The force diagram of
the gear shows a similar tendency to the screw, except that the gear has some
pulsation in its force curves corresponding to the tooth to tooth interval. The
maximum value of the tangential force, which is seen after initial revolutions of
0.8~0.9, is avout 209 of that of the normal one. It should be noted that the
F/W values in these cases are far larger than in the rolling of plain cylinder
between flat dies.
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Fig. 51. Normal reaction and tangential driving force.

5. 7. Consideration of the relationship between the normal reaction
and the penetration components

At a stage of rolling, if the material is imposed by a certain amount of die
penetration, the normal reaction per unit length would be, for example, raised to
a level of S-T line in Fig. 52. In this case, suppose the central core of a specimen
defies the plastic deformation, then the die penetration upon the surface should be
wholly utilized for piling up of the feature, and a load-die penetration curve would
be represented qualitatively by a two-dot chain line OP which is referred to as
the “feature-formation curve”. On the other hand, if all the die penetration were
absorbed in distorting the central core without any additive forming of the feature
at all, then a load curve would be represented by a broken line OD which will be
referred to as the “core-distortion curve”. In the actual rolling, both the feature
and the core deformation must coexist so that two components caused by a penet-
ration of (405), are SP for (4dx), and SD for (48.)s. And (46,), is equal to ST,
i. e. SP+SD. In this representation we find ourselves in a situation of having
sufficient data for plotting D’s and P’s drawn from results of experiment at various
rolling stages. Fig. 53 shows the plots of D’s which seem to agree with the result
of rolling plain cylinders between flat dies (solid line). In the next graphical step

55 60
i B5
M 5 § =
2 (&Ex)d &S B 40f e
= =l Ty ®
8= T (A39)p o e Plastic kneading
B o v g™ 0 of cylindrical
§§0 . ?/ P/T.- o § SS 2 components @ Screw
55 |/ = =i o Gear
28 S 0 . 1
Hord ’f /’
£5 g 0 0.1 0.2 0.3
o Core-distortion
Components. in a penetration (A8x)a p,¢ component (48x)q mm
Fig. 52. W/1-(48z)a, p,: curve (qualitative Fig. 53, W/I-(46z)4 curve.

diagram).
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to determine P’s, it is convenient to superpose P on D as a point by changing the
abscissa of (48y),, right to left. In this way, Fig. 54 and Fig. 55 represent such
constitution diagrams which visualize - the mechanics inherent in the components-
rolling. In these figures, the origin of a core-distortion curve is denoted by a

Serew

20kgf,/mm

X
AN

(A(Sx)d 63 i() ‘ (Aax)ﬁ . g =T Gear
01 mm g m (on)dén——l———-) (Aﬁx)p

0.lmm Q. 1mm

- 0.5rev
05rev

1.25rev iy

O Origin of the core-distortion curve
@ Origin of the feature-formation curve
® Compatible point

Fig. 54. Compatible point of the normal Fig. 55. Compatible point of the normal
reactions for two components in reactions for two components in
a penetration (screw). a penetration (gear).

small white circle, and that of a feature-formation curve by a small black one, and
a.consistent load value common to both curves is shown by a half black circle.
Though the details of the feature-formation curves are not shown here, we can
see the deformation characteristics in the rolling process through the load required,
which are affected not only by the aimed feature but also by the stage of rolling.
It is observed that (46,), takes negative values in some gears when the tooth
profile formed by the preceding bite needs a larger modification.

5. 8. Core-distortion curves and feature-formation curves'®

As described above, the constitution diagram of a core-distortion curve and a
feature-formation curve, which is a powerful technique for solving complex plastic
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flow-problems of the components-rolling, is introduced. It is important, therefore,
to examine all details of these curves, Consequently, the current section is devoted
to the determination of core-distortion curves and feature-formation curves.

In this case, thread rolling machine with two cylindrical dies was utilized and
some sophisticated procedure was taken to draw out these curves. In experiment,
an aluminium specimen was pre-rolled to some stage of the process under the con-
dition which minimized the deformation of core. The pre-formed specimen was
rolled again to suffer an additional penetration of dies. Before and after an
additional penetration the profile of the specimen was measured by a toolmakers’
microscope with a precision angular dividing attachment and a tracer-type form
tester, while the normal component of the rolling force acting on the die face
was caught throughout a process by a tie-rod which connects opposed die-heads.
The feature-formation component (46,), of an additional penetration of dies can
be estimated by the piled-up height of a feature based on the assumptions of

Table 4. Experimental conditions (thread rolling machine)

maximum rolling force : 20 tonf

thread rolling machine revolving speed of dies : 0.85rpm

diameter : 180 mm
tools (dies) pitch : 2mm
lead angle : 0°

material : aluminium A1050F
blank diameter : 16.52 mm
length : 50 mm

product | screw-like component
lubricant not used
= 4of N/L= (8804
E |5
Py 5
B 0F W/ (asy), )
2.4 30 - 4 £ 1
52 £3
o= 5 2230
55 X &3
8 2220
0] @
r~ fl) o0
g 10 =g
;.(.ﬁ = 10
°g £
z 3 jagn
| ! | =3 ; i !
0 01 02 03 0 0l 02 03 04 05
Core-distortion component Feature-formation component
(ASg) g mm (88x)p mm
(a) Core-distortion curves (b) Feature-formation curves.

Fig. 56. All details of the characteristic curves.
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process models in Chapter 4. Consequen-

A K X stages Featurc-forming-ratic ¢

tly, we can also find the core-distortion ¢ S ST S N s T T WY T3
. . . 1

component (44,), in this period as (48,)4 ® (*0'117’%9‘{;)25%“

TU. S .
=(485),— (465),. The specifications of > (+0.4097cv. )
the thread rolling machine, tools, materi- O——>8(+0.104z0v.)

. .. @ LA (40, 19270V, )
al used, and other experimental conditions [ —>8(+0. 59870V )
are tabulated in Table 4, and results O——5®(+0.149rev.)

. . . . ) A A (40, .
obtained are summarized in Fig. 56. The g.___“.f_iis(%effw]zrev,)
numbers of curves in Fig. 56 correspond e (+0. 141rev.)
to those in Fig. 57 which shows the pre- @ & SN
forming stages and the additional pene- (0 .147rev.) 0o
trati i i i i ® (+0.246rev.) A—sA

ions taken in this experimental rolling. eo’Sdirer.) -

As will be seen in Fig. 56, the core-
distortion curves follow the same path at Fig. 57. Pre-forming stages and additional
any stage of rolling, whereas the slope of penetrations.

a feature-formation curve becomes steeper
as the rolling process goes on.

5. 9. Summary

By means of applying the split plug to an analysis of a three dimensional flow
taking place in the material, it becomes possible to attain a consistent understand-
ing of the phenomena encountered in the process of components-rolling.

The results obtained are summarized as follows:

(1) The split plug method employed in the experiments is useful for detecting
a three dimentional pattern of the material flow throughout the workpiece.

(2) The deformation prevails in the specimen on the whole making no except-
ions of the central core. Even in a constant final penetration of the dies, the
material follows different deformation paths according to the initial position occupi-
ed when the first bite starts.

(3) 1In the region of r/R’<0.9 of radial position the material undergoes a
distortion as a whole and in that of r/R'>>0.9 the material suffers a severe local
deformation, thus forming the characteristic feature.

(4) A penetration (46,), imposed by the dies on the blank cylinder is found
to consist of two components, a core-distortion component (48.)4 and a feature-
formation component (48,),. The balance and magnitude of (4d.)q and (40,),
vary with the rolling conditions and the rolling stages.

(5) A current height of the feature can be estimated by the calculation of
the process models adopting the feature-formation component in a penetration for
the nominal penetration.

(6) Combining the core-distortion component with the result of Chapter 3,
plastic kneading of the cylindrical components, contact width between the dies and
the screw can be estimated.

(7) Since the balance of the core-distortion component and the feature-for-
mation component should be self-determined through the load required, the mecha-
nics inherent in the components-rolling is constructed and visualized from the
experimental results.

(8) All details of the core-distortion curves and feature-formation curves
were exemplified in the case of thread rolling. While the core-distortion curve
follows the same path at any stage of rolling, the slope of a feature-formation
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curve becomes steeper as the rolling process goes on.

6. Conclusions

The investigation reveals a detailed mechanism of deformation in the com-
ponents-rolling. The factors referred to in this paper are related to each other
through the diagram shown in Fig. 581%. In this diagram four thick lines show a
compatible condition which is settled down in accordance with the mechanics in-
herent in the components-rolling. Attention should be paid to the loops of thin
lines and, among others, to the core-distortion component (46.)q. There are also
complicated circumstances behind the penetration per bite (4d,), as will be seen
from broken lines. On the basis of this diagram, the consistent picture of a rolling
process will be visualized.
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Appendix =
Py
The estimation for the distribution of P. P
the normal components of stress can be g Py
done by the following technique if the Prm

process is in a steady state. As in Fig.
59, the sensitive plane of the pressure
pin is supposed to be divided into n ele-
ments which have an equi-width dw, and
the area dA; (i=1, 2, 3, ...n). The wor-
king area of the normal component of
stress can be also divided into the same
width dw with corresponding pressure p;
(i=1, 2, 3, ... m). The load carried by
the pressure pin at various stages of the
process, W,, (k=1, 2, 3, ... m+n-—1),
will be represented by the equations in
Fig. 59. In these equations, W,, can be

: Wp,=dA1Xp1 @Y
o!atamed by the . records an.d dA; can be Wy =dA; xpytdAsxpr oo @)
given by geometrical calculation. Thus, we - i A .
can estimate p;’s uniquely. For the case P :21 IXPr-idl @
of Fig. 16, dw=0.1mm was taken. Wo o =0AnXDre- (mA4n—1)

Fig. 59. Method of estimation of the
pressure distribution.
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