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MANUFACTURING SCIENCE-I
UNIT-2
EXTRUSION
It is a relatively new process and its commercial exploitation started early in the nineteenth century with the
extrusion of lead pipes. Extrusion of steels became possible only after 1930 when extrusion chambers could be
designed to withstand high temperature and pressure. In extrusion, the material is compressed in a chamber and the
deformed material is forced to flow through the die. The die
opening corresponds to the cross section of the required product. It
is basically a hot working process; however, for softer materials
cold extrusion is also performed.
The two main advantages of this process over other manufacturing
processes are its ability to create very complex cross-sections and
work materials that are brittle, because the material only
encounters compressive and shear stresses. It also forms finished
parts with an excellent surface finish.
The process begins by heating the stock material (for hot extrusion). It is then loaded into the container in the press.
The ram then presses on the material to push it out of the die. Afterward the extrusion is stretched in order to
straighten it. If better properties are required then it may be heat treated or cold worked.
DIRECT OR FORWARD EXTRUSION
In direct extrusion metal flows in the same direction as that of the
ram. Because of the relative motion between the heated billet and
the chamber walls, friction is severe and is reduced by using
molten glass as a lubricant in case of steels at higher temperatures.
At lower temperatures, oils with graphite powder is used for
lubrication.

INDIRECT OR BACKWARD EXTRUSION
In indirect extrusion process metal flows in the opposite direction of the
movement of ram. It is more efficient since it reduces friction losses
considerably. The process, however, is not used extensively because it restricts
the length of the extruded component.

IMPACT EXTRUSION
It is similar to indirect extrusion. Here the punch descends rapidly on to the
blank which gets indirectly extruded on to the punch and to give a tubular
section. The length of the tube formed is controlled by the amount of metal in
the slug or by the blank thickness. Collapsible tubes for pastes are extruded by
this method.
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HYDROSTATIC EXTRUSION
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In this process the friction between container wall and billet is
eliminated, however, this process has got limited applications in
industry due to specialized equipment & tooling and low
production rate due to high set up time.

EXTRUSION DEFECTS
• SURFACE CRACKING:
This is often caused by the extrusion temperature, friction, or speed being too high. It can also happen at lower
temperatures if the extruded product temporarily sticks to the die.
• PIPE DEFECT/ TAIL PIPE/ FISH TAILING:
A flow pattern that draws the surface oxides and impurities to the center of the product. Such a pattern is often
caused by high friction or cooling of the outer regions of the billet.
• INTERNAL CRACKING:
When the center of the extrusion develops cracks or voids. These cracks are attributed to a state of hydrostatic
tensile stress at the centerline in the deformation zone in the die. (A similar situation to the necked region in a
tensile stress specimen)
• SURFACE LINES:
When there are lines visible on the surface of the extruded profile. This depends heavily on the quality of the
die production and how well the die is maintained, as some residues of the material extruded can stick to the die
surface and produce the embossed lines.
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DRAWING (WIRE DRAWING, TUBE DRAWING, ROD DRAWING)
Large quantities of wires, rods, tubes and other sections are produced by drawing process which is basically a cold
working process. In this process the material is pulled through a die in order to reduce it to the desired shape and
size.
WIRE DRWING
In a typical wire drawing operation, once end of the wire is
reduced and passed through the opening of the die, gripped
and pulled to reduce its diameter. Wire drawing is
primarily the same as bar drawing except that it involves
smaller diameter material that can be coiled. It is generally
performed as a continuous operation on draw bench like
the one shown in Fig

The rotating draw block provides a continuous pull on the
incoming wire. Large coil of hot rolled material of nearly 10
mm diameter is taken and subjected to preparation treatment
before the actual drawing process. The preparation treatment
for steel wire consists of :
•

Cleaning. This may be done by acid pickling, rinsing,
and drying. Or, it may be done by mechanical flexing.

•

Neutralization. Any remaining acid on the raw
material is neutralized by immersing it in a lime bath.
The corrosion protected material is also given a thin
layer of lubricant.
Wire drawing on a continuous draw block.

ROD DRAWING
Rod drawing is similar to wire drawing except that the dies are bigger because of the rod size being
larger than the wire for larger size stock called bars. The equipment which generally keeps the draw
be coiled the straight is used since bar cannot be coiled the straight drawing equipment consists of a
table which contains rollers on which the bar stock is fed into the die after pointing the bars coming
out of the die are generally of short legs so that when they are completely drawn they can be
transferred to other place easily.
TUBE DRAWING
The diameter and wall thickness of tubes that have been produced by extrusion or other processes
can be reduced by tube drawing process. The process of tube drawing is similar to wire or rod
drawing except that it usually requires a mandrel of the requisite diameter to form the internal hole.
The tubes are also first pointed and then entered through the die where the point is griped in a similar
way as the bar drawing and pulled through in the form of desired shape along a straight line. There
may be more that one pass required to get the final size and when the final size is obtained the tube
may annealed Tubes as large as 0.3 m in diameter can be drawn.
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Here three arrangements are shown in figure
(a) Tube Sinking

Tube sinking is generally not preferred since no support is
provided on the inner surface of the tube and as a result wall
thickness may slightly increase

(b) Tube drawing with a plug
In this method tubes of greater dimensional accuracy are obtained
because of the proper support provided both the inner and outer
surface of the tube. The plug used may be of conical and
cylindrical shapes and is of either fixed or floating type.

(c) Tube drawing with a moving mandrel
This method is similar to that of plug drawing except the
difference that in case a movable mandrel is used, because of the
movable mandrel, friction is minimized.

DEFECTS IN WIRE AND ROD DRAWING
• The typical surface defects in rod and wire drawing are due to plunging by hard particles and
local breakdown of the lubricating film.
• Other kinds of defects include the formation of a bulge ahead of a die with low reduction and
high die angle and the development of the center burst with too large deformation gradient along
the cross section
MISCELLANEOUS FORMING OPERATIONS
THREAD ROLLING
TUBE PIERCING
STRETCH FORMING
SPINNING
EMBOSSING AND COINING

By: ANIMESH PAL

Email: animesh14@gmail.com

www.uptunotes.com

ANALYSIS OF WIRE DRAWING
Assumptions:i.

A uniform state of stress is assumed to exist at
all points in a plane normal to the die axis
A cylindrical state of stress is assumed to exist
within the contact zone. The principle stresses
are 𝛿𝛿𝑥𝑥 and –p
Coulomb`s law of friction is assumed to exists
within the contact zone
The coefficient of friction M is assumed to be
constant for the die and wire, Material, and also
for the given surface conditions.

ii.

iii.
iv.

The equilibrium equation in X-direction can be written as:-

𝑑𝑑𝑑𝑑
𝜋𝜋
𝑑𝑑𝑑𝑑
𝜋𝜋
(σ𝑥𝑥 + 𝑑𝑑σ𝑥𝑥 ). (𝐷𝐷 + 𝑑𝑑𝑑𝑑)2 − σ𝑥𝑥 𝐷𝐷2 + µ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∝ �𝜋𝜋𝜋𝜋
� + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝛼𝛼 �𝜋𝜋𝜋𝜋
�=0
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
4
(σ𝑥𝑥 + 𝑑𝑑σ𝑥𝑥 )(𝐷𝐷 + 𝑑𝑑𝑑𝑑)2 − σ𝑥𝑥 𝐷𝐷2 + 4µ𝑃𝑃𝑃𝑃𝑑𝑑𝑥𝑥 + 4𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0

(σ𝑥𝑥 + 𝑑𝑑σ𝑥𝑥 )[𝐷𝐷2 + (𝑑𝑑𝐷𝐷)2 2𝐷𝐷𝐷𝐷𝐷𝐷] − σ𝑥𝑥 𝐷𝐷2 + 4µ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 4𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∝. 𝑑𝑑𝑑𝑑 = 0
Very small

2

2

2

σ𝑥𝑥 𝐷𝐷 + σ𝑥𝑥 (𝑑𝑑𝐷𝐷) + 2σ𝑥𝑥 𝐷𝐷(𝑑𝑑𝑑𝑑) + 𝑑𝑑σ𝑥𝑥 𝐷𝐷 + 𝑑𝑑σ𝑥𝑥 (𝑑𝑑𝐷𝐷)2 + 2𝑑𝑑σ𝑥𝑥 𝐷𝐷(𝑑𝑑𝑑𝑑) − σ𝑥𝑥 𝐷𝐷2 + 4µ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 4𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. 𝑑𝑑𝑑𝑑 = 0
Very small

σ 𝑥𝑥 (𝑑𝑑 𝐷𝐷)2

D�

𝐷𝐷

Very small

+ 2σ𝑥𝑥 (𝑑𝑑𝑑𝑑) + 𝑑𝑑σ𝑥𝑥 𝐷𝐷 + 2𝑑𝑑σ𝑥𝑥 (𝑑𝑑𝑑𝑑) + 4µ𝑃𝑃𝑃𝑃𝑃𝑃 + 4𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∝. 𝑑𝑑𝑑𝑑� = 0

(𝐷𝐷𝐷𝐷σ𝑥𝑥 + 2σ𝑥𝑥 𝑑𝑑𝑑𝑑)+4µPdx+4𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∝ 𝑑𝑑𝑑𝑑 = 0 -------- (1)
But 𝑡𝑡𝑡𝑡𝑡𝑡 ∝=

𝑑𝑑𝑑𝑑
2

𝑑𝑑𝑑𝑑

Hence Eq. (1) became

𝐷𝐷𝐷𝐷σ𝑥𝑥 + 2σ𝑥𝑥 𝑑𝑑𝑑𝑑 + 2𝑃𝑃 �2µ𝑑𝑑𝑑𝑑 +

2𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑� = 0
2𝑑𝑑𝑑𝑑
µ

𝐷𝐷𝐷𝐷σ𝑥𝑥 + 2σ𝑥𝑥 𝑑𝑑𝑑𝑑 + 2𝑃𝑃𝑃𝑃𝑃𝑃 �1 + 𝑡𝑡𝑡𝑡𝑡𝑡 ∝� = 0 ---------- (2)
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Now apply trace’s criteria
σ1 − σ3 = σ𝑦𝑦 = 2𝐾𝐾
σ1 = σ𝑥𝑥 ,

σ3 = −𝑃𝑃

𝛿𝛿𝑥𝑥 + 𝑃𝑃 = 2𝐾𝐾

𝑃𝑃 = 2𝐾𝐾 − σ𝑥𝑥

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐵𝐵 =

Now from equation No. (2)

𝜇𝜇
𝑡𝑡𝑡𝑡𝑡𝑡 ∝

𝐷𝐷𝐷𝐷σ𝑥𝑥 + 2σ𝑥𝑥 (𝑑𝑑𝑑𝑑) + 2(2𝐾𝐾 − σ𝑥𝑥 ). 𝑑𝑑𝑑𝑑(1 + 𝐵𝐵) = 0

𝐷𝐷𝐷𝐷σ𝑥𝑥 + 2σ𝑥𝑥 (𝑑𝑑𝑑𝑑) + (4𝐾𝐾 − 2σ𝑥𝑥 )(𝑑𝑑𝑑𝑑 + 𝐵𝐵𝐵𝐵𝐵𝐵) = 0

𝐷𝐷𝐷𝐷σ𝑥𝑥 + 2σ𝑥𝑥 (𝑑𝑑𝑑𝑑) + 4𝐾𝐾(𝑑𝑑𝑑𝑑) − 2σ𝑥𝑥 (𝑑𝑑𝑑𝑑) + 4𝐵𝐵𝐵𝐵(𝑑𝑑𝑑𝑑) − 2σ𝑥𝑥 𝐵𝐵(𝑑𝑑𝑑𝑑) = 0
𝐷𝐷𝐷𝐷σ𝑥𝑥 = 2σ𝑥𝑥 𝐵𝐵(𝑑𝑑𝑑𝑑) − 4𝐾𝐾(𝑑𝑑𝑑𝑑) − 4𝐵𝐵𝐵𝐵(𝑑𝑑𝑑𝑑)
𝐷𝐷𝐷𝐷σ𝑥𝑥 = 2𝑑𝑑𝑑𝑑[𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾 − 2𝐵𝐵𝐵𝐵]

After Integrating

𝑑𝑑σ𝑥𝑥
2𝑑𝑑𝑑𝑑
=
𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾(1 + 𝐵𝐵)
𝐷𝐷

1
𝑙𝑙𝑙𝑙[𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾(1 + 𝐵𝐵)] = 2𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙
𝐵𝐵
1
𝑙𝑙𝑙𝑙[𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾(1 + 𝐵𝐵)] = 2𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙
𝐵𝐵

Where C is a constant of integration

𝑙𝑙𝑙𝑙[𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾(1 + 𝑩𝑩)] = 2𝐵𝐵𝐵𝐵𝐵𝐵(𝐷𝐷𝐷𝐷)
𝑙𝑙𝑙𝑙[𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾(1 + 𝐵𝐵)] = ln
(𝐷𝐷𝐶𝐶)2𝐵𝐵

[𝐵𝐵σ𝑥𝑥 − 2𝐾𝐾(1 + 𝐵𝐵)] = (𝐷𝐷𝐶𝐶)2𝐵𝐵
σ𝑥𝑥 =

σ𝑥𝑥 =

(𝐷𝐷𝐶𝐶)2𝐵𝐵 2𝐾𝐾(1 + 𝐵𝐵)
+
𝐵𝐵
𝐵𝐵
𝐶𝐶1 𝐷𝐷 2𝐵𝐵
𝑏𝑏

+ 2𝐾𝐾 �

1+𝐵𝐵
𝐵𝐵

�------------- (2)

where C1 = C 2B new constant of integration

Now at the die entry.

Back pull stress C1 = C 2B and D = Db
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𝑐𝑐1 𝐷𝐷𝑏𝑏 2𝐵𝐵
1 + 𝐵𝐵
�
+ 2𝐾𝐾 �
𝐵𝐵
𝐵𝐵
1 + 𝐵𝐵 𝐵𝐵
�� 2𝐵𝐵
𝐶𝐶1 = �𝛿𝛿𝑥𝑥𝑥𝑥 − 2𝐾𝐾 �
𝐵𝐵
𝐷𝐷𝑏𝑏
σ𝑥𝑥𝑥𝑥 =

now put the value of c1 in eq(3)

1 + 𝐵𝐵
𝐷𝐷 2𝐵𝐵
σ𝑥𝑥𝑥𝑥 𝐷𝐷 2𝐵𝐵
σ𝑥𝑥
� �1 − � � � +
� �
=�
2𝐾𝐾
2𝐾𝐾 𝐷𝐷𝑏𝑏
𝐵𝐵
𝐷𝐷𝑏𝑏

the draw stress σxa at die exit

Where

D = Da

1 + 𝐵𝐵
σ𝑥𝑥𝑥𝑥
𝐷𝐷𝑎𝑎 2𝐵𝐵
σ𝑥𝑥𝑥𝑥 ℎ𝑎𝑎 2𝐵𝐵
� �1 − � � � +
� �
=�
− − − − − − − (4)
2𝐾𝐾
𝐷𝐷𝑏𝑏
2𝐾𝐾 ℎ𝑏𝑏
𝐵𝐵

When Back pull is zero i.e σ𝑥𝑥𝑥𝑥 = 0
Eq (4) reduces to

σ𝑥𝑥𝑥𝑥

2𝐾𝐾
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ROLLING:

The job is drawn by means of friction through a regulated opening between two power driven rolls the shape and
size of the product are decided by the gap between the rolls. This process is useful for producing various common
sections. E.g. channels, rails, angles etc.
ROLLING MILL:
It is seldom possible to achieve the final cross-section in one step hence rolling is perform with a no. of passes using
different roll equipments in a continuous manner the whole shop is called rolling mill.
Rolling mills are classified according to the number of arrangements of rolls in stand. They are classified as:

A. For hot rolling of metals
a. Two-High Rolling Mills
b. Three- High rolling mills
B. For cold rolling of metals
a. Four- High rolling mills
b. Cluster rolling mill

Two high rolling mills: It is the simplest type of rolled. The upper roll can be
raised or lowered according to the gap required between the rolls.

Reversing two high rolling mills: The direction of the rotation of rolls can be
reversed so the billet can be moved into or from until the required reduction in
thickness is attained.

Three high rolling mills: Three horizontal rolls are arranged one above the other such
that direction of rotation of the middle roll is opposite to the direction of the other two
rolls. The end roll will have same direction of rolling
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Four high rolling mills: It is generally a two high rolling mill, but with small sized rolls, the
other two rolls are the backup rolls for providing the necessary rigidity to the small rolls. It is
used for both hot and cold rolling of wide plates.

Cluster mills: It uses backup rolls to support the smaller work rolls. In this type of
mill, the roll in contact with the work can be as small as 0.25 in diameters.

SEQUENCE OF OPERATION FOR OBTAINING DIFFERENT SHAPES:
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ROLL PASSES TO GET A 12MM ROD FROM 100 X 100 BILLET

DEFECTS IN ROLLING:
•

Wavy Edges: Bending of the rolls causes the sheet to be thinner at the
edges, which tend to elongate more. Since the edges are restricted by the
material at the center, they tend to wrinkle and form wavy edges.

•

Zipper Cracks: Center or zipper cracks are caused by low material
ductility and barreling of the edges.

•

Edge cracks: It occurs in plates and slabs of either limited ductility of
metal or uneven deformation especially at the edges.

•

Alligatoring: It results from inhomogeneous deformation or defects in the
original cast ingots.
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a.

Structural shapes or section: This includes sections like round, square, hexagonal bars, channels, H and I
beams and special section like rail sections.
b. Plates and sheets: These are produced of varying thickness.
c. Special purpose rolled products: This includes rings, balls, wheels and ribbed tubes.
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MECHANICS OF ROLLING:-

Rolling process is shown in next page. A strip of thickness. ℎ1 enters the roll gap and is reduced to a thickness of
ℎ2 by the rotating rolls. The surface speed of roll is vr . to keep the volume rate of metal flow constant, the velocity
of strip. Must increase as it moves through the roll gap. At the exit of roll gap, the velocity of the strip is vr is
constant along the roll gap, sliding occurs between the roll and the strip.
Somewhere in the contact length, the velocities of the metal and roll are
same which is designated as neutral plane. This point at which the two
velocities are same is known as neutral point or no slip point. To the
moves faster than the w/p, and to the right the right the w/p moves faster
than the roll. The friction force on the left of the neutral point must be
greater than the frictional force on the right. The difference fields a net
frictional force to the right, which makes the rolling operation possible
by pulling the strip into the roll gap.

The velocity of strip at entrance is v1 since the area of cross
section gets decreased the metal leaving the rolls would be at
higher velocity than when it entered
V1 < Vr < V2
𝑉𝑉2 −𝑉𝑉𝑟𝑟

Forward slip =

𝑉𝑉𝑟𝑟

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑉𝑉𝑟𝑟 −𝑉𝑉1
𝑉𝑉𝑟𝑟

𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 − 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

ANALYSIS OF ROLLING:-

∠AOB = Roller contact
AB = Arc of contact

AC = length of contact

now from figure
∆h = h1 − h2

Rolling rinciple

A1 V1 = A2 V2

A1 V2
=
A2 V1

V2 > V1

now in ∆OAC
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L = AC = �(OA)2 − (OC)2
= �R2 − �R −
= �R2 − R2 +

∆h
�
2

∆h2 2R∆h
−
4
2

L = √R∆h
where

L = length of contact
R = radius of Roll
∆h = (h1 − h2 ) or (hb − ha ) or (hi − hf )

Now in ∆OAC

cosθ =

OC
OA

OC = OAcosθ

R−

∆h
= Rcosθ
2

∆h
= R − Rcosθ
2

force equlibrium in X − diection
now for rolling to occur

∆h = 2R(1 − cosθ)
fx = μPcosθ − Psinθ
fx ≥ 0

μPcosθ ≥ Psinθ
𝐴𝐴𝐴𝐴

Now 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑂𝑂𝑂𝑂 =

𝐿𝐿

∆ℎ
2

𝑅𝑅−

μ = 𝑡𝑡𝑡𝑡𝑡𝑡𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚

Now taking square on both side

By: ANIMESH PAL

∆ℎ
2

= 0(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

𝑡𝑡𝑡𝑡𝑡𝑡𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜇𝜇 =

= 𝜇𝜇 =

𝐿𝐿
𝑅𝑅

𝐿𝐿 √𝑅𝑅∆ℎ
∆ℎ
=
=�
𝑅𝑅
𝑅𝑅
𝑅𝑅

𝑀𝑀2 𝑅𝑅 = ∆ℎ
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ANALYSIS OF ROLLING:-
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Roll pressure distribution:Assumption:1.
2.
3.
4.
5.

The rolls are straight and rigid cylinders
The width of strip is must longer then its thickness
and no significant widening takes place
The coefficient of friction remains console throughout
the process.
Neutral point is within the arc of contact
Deformation is homogeneous

Figure shows a typical rolling operation of strip with initial thickness h i rolled to final thickness h f. It both rolls are
of equal radius R and rotate with the same circumferential velocity of the strip are V i and V f respectively and in
actual practice. 𝑉𝑉𝑓𝑓 > 𝑉𝑉 > 𝑉𝑉𝑖𝑖 . Hence at velocity of strip will be equal. To V and this point is referred as neutral point.
Now considering the element of length 𝑑𝑑𝑥𝑥 the various forces acting are as shown in figure.
Considering the thickness of the element perpendicular to the plane of paper to be unity, we
get the equilibrium of forces in X- direction as.
(𝜎𝜎𝑥𝑥 + 𝑑𝑑𝑑𝑑𝑥𝑥 )(ℎ + 𝑑𝑑ℎ) − 𝜎𝜎𝑥𝑥 ℎ + 2µ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅 − 2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0

ℎ𝜎𝜎𝑥𝑥 + ℎ𝑑𝑑𝜎𝜎𝑥𝑥 + 𝜎𝜎𝑥𝑥 𝑑𝑑ℎ + 𝑑𝑑𝜎𝜎𝑥𝑥 𝑑𝑑ℎ − 𝜎𝜎𝑥𝑥 ℎ + 2µ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0
ℎ𝑑𝑑𝜎𝜎𝑥𝑥 + 𝜎𝜎𝑥𝑥 𝑑𝑑ℎ − 2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 2µ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0

where + ve sign is for exit side
−ve sign is for entry side

𝑑𝑑(ℎ𝜎𝜎𝑥𝑥 ) = 𝑑𝑑𝑑𝑑2𝑃𝑃𝑃𝑃(𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃−+ µ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

in roling θ is mery small
then
sin θ = θ
cos θ = 1

𝑑𝑑(ℎ𝜎𝜎𝑥𝑥 )
= 2𝑃𝑃𝑃𝑃(𝜃𝜃 ± 𝜇𝜇) − − − − − − − (1)
𝑑𝑑𝑑𝑑

According to von mises criteria
Since the problem is of plane strain type and frictionforce is small the principle stresses in the material
Element will be
𝜎𝜎1 = −𝜎𝜎𝑥𝑥
𝜎𝜎3 = +𝑃𝑃

1
𝜎𝜎2 = (𝑃𝑃 − 𝜎𝜎𝑥𝑥 )
2
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Now put these values in von mises criteria
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(𝜎𝜎1 − 𝜎𝜎2 )2 + (𝜎𝜎2 − 𝜎𝜎3 )2 + (𝜎𝜎3 − 𝜎𝜎1 )2 = 6𝐺𝐺𝐺𝐺 = 𝐶𝐶

after solving

2
2
1
1
�−𝜎𝜎𝑥𝑥 − (𝑃𝑃 − 𝜎𝜎𝑥𝑥 )� + � (𝑃𝑃 − 𝜎𝜎𝑥𝑥 ) + 𝜎𝜎𝑥𝑥 � + [𝑃𝑃 + 𝜎𝜎𝑥𝑥 ]2 = 6𝐾𝐾 2
2
2

𝜎𝜎𝑥𝑥 = (𝑃𝑃 − 2𝐾𝐾)

now put the value of σx in eq (1)

𝑑𝑑
[ℎ(𝑃𝑃 − 2𝐾𝐾)] = 2𝑃𝑃𝑃𝑃(𝜃𝜃 ± 𝜇𝜇)
𝑑𝑑𝑑𝑑

𝑑𝑑
𝑃𝑃
�2𝐾𝐾ℎ �
− 1�� = 2𝑃𝑃𝑃𝑃(𝜃𝜃 ± 𝜇𝜇)
𝑑𝑑𝑑𝑑
2𝐾𝐾

2𝐾𝐾ℎ

𝑑𝑑 𝑃𝑃
𝑃𝑃
𝑑𝑑
� − 1� + � − 1�
2𝐾𝐾ℎ = 2𝑃𝑃𝑃𝑃(𝜃𝜃 ± 𝜇𝜇)
𝑑𝑑𝑑𝑑 2𝐾𝐾
2𝐾𝐾
𝑑𝑑𝑑𝑑

This term is very small, because h decreases 2k increases, due to cold working, thus making the product nearly a
constant, and it derivative thus become zero.
2𝐾𝐾ℎ

𝑑𝑑 𝑃𝑃
� � = 2𝑃𝑃𝑃𝑃(𝜃𝜃 ± 𝜇𝜇)
𝑑𝑑𝑑𝑑 2𝐾𝐾

𝑑𝑑 𝑃𝑃
� �
𝑑𝑑𝑑𝑑 2𝐾𝐾 = 2𝑅𝑅 (𝜃𝜃 ± 𝜇𝜇) − − − − − −(2)
𝑃𝑃
ℎ
2𝐾𝐾

As θ is very small then h can be expressed as
ℎ = ℎ𝑓𝑓 + 2𝑅𝑅(1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝜃𝜃
ℎ = ℎ𝑓𝑓 + 2𝑅𝑅 �1 − 1 + 2𝑠𝑠𝑠𝑠𝑛𝑛2 �
2

ℎ = ℎ𝑓𝑓 + 4𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛2

𝜃𝜃
2

𝜃𝜃 2
ℎ = ℎ𝑓𝑓 + 4𝑅𝑅 �𝑠𝑠𝑠𝑠𝑠𝑠 �
2

𝜃𝜃 2
�
ℎ = ℎ𝑓𝑓 + 4𝑅𝑅 �
2
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ℎ = ℎ𝑓𝑓 + 4𝑅𝑅
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𝜃𝜃 2
4

ℎ = ℎ𝑓𝑓 + 𝑅𝑅𝜃𝜃 2

Now put the value of h in eq (2)

𝑑𝑑 𝑃𝑃
� �
2𝑅𝑅
𝑑𝑑𝑑𝑑 2𝐾𝐾 =
(𝜃𝜃 ± 𝜇𝜇)
𝑃𝑃
ℎ𝑓𝑓 + 𝑅𝑅𝑅𝑅 2
2𝑘𝑘

after integrating we get
𝑙𝑙𝑙𝑙

ℎ
𝑅𝑅
𝑅𝑅
𝑃𝑃
= 𝑙𝑙𝑙𝑙 ± 2𝜇𝜇� 𝑡𝑡𝑡𝑡𝑡𝑡−1 � 𝜃𝜃 + 𝑙𝑙𝑙𝑙𝑙𝑙
𝑅𝑅
ℎ𝑓𝑓
ℎ𝑓𝑓
2𝐾𝐾

where C is the constant of integration
𝑃𝑃 = 𝐶𝐶2𝐾𝐾

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅
𝑅𝑅
𝐻𝐻 = 2� 𝑡𝑡𝑡𝑡𝑛𝑛−1 �� 𝜃𝜃�
ℎ𝑓𝑓
ℎ𝑓𝑓

at entry θ = ∝;

at exit

ℎ (±𝜇𝜇𝜇𝜇 )
𝑒𝑒
− − − − − − − −(3)
𝑅𝑅

hence H = Hi

θ = 0;

Also at entry and exit
δx = 0 hence

hence H = hf

P = 2k

Thus in the entry zone

ℎ𝑖𝑖

2𝐾𝐾 = 𝐶𝐶2𝐾𝐾 𝑅𝑅 𝑒𝑒 (−𝜇𝜇 𝐻𝐻𝑖𝑖 )

Now put the value of C in eq (3)
𝑃𝑃 =

𝑅𝑅

ℎ 𝑖𝑖

𝐶𝐶 =

𝑅𝑅 (𝜇𝜇 𝐻𝐻 )
𝑒𝑒 𝑖𝑖
ℎ𝑖𝑖

ℎ

. 𝑒𝑒 (𝜇𝜇 𝐻𝐻𝑖𝑖 ) . 2𝐾𝐾 𝑅𝑅 𝑒𝑒 (±𝜇𝜇𝜇𝜇 )

𝑃𝑃 = 2𝐾𝐾

𝑅𝑅 𝜇𝜇 (𝐻𝐻𝐻𝐻−𝐻𝐻)
𝑒𝑒
ℎ𝑖𝑖

in the exit zone (forword slip)
𝑐𝑐 =

𝑅𝑅
ℎ𝑓𝑓
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𝑃𝑃 = 2𝐾𝐾

ℎ 𝜇𝜇𝜇𝜇
𝑒𝑒
ℎ𝑓𝑓
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LOCATION OF NEUTRAL POINT:2𝐾𝐾

ℎ𝑛𝑛 µ(𝐻𝐻 −𝐻𝐻 )
ℎ𝑛𝑛
𝑒𝑒 𝑖𝑖 𝑛𝑛 = 2𝐾𝐾 𝑒𝑒 𝜇𝜇 𝐻𝐻𝑛𝑛
ℎ𝑖𝑖
ℎ𝑓𝑓

ℎ𝑖𝑖
= 𝑒𝑒 𝜇𝜇 (𝐻𝐻𝑖𝑖 −2𝐻𝐻𝑛𝑛 )
ℎ𝑓𝑓

1
1 ℎ𝑖𝑖
𝐻𝐻𝑛𝑛 = �𝐻𝐻𝑖𝑖 − 𝑙𝑙𝑛𝑛 �
2
𝜇𝜇 ℎ𝑓𝑓
ℎ𝑓𝑓
ℎ𝑓𝑓 𝐻𝐻𝑛𝑛
𝜃𝜃𝑛𝑛 = � 𝑡𝑡𝑡𝑡𝑡𝑡 �� . �
𝑅𝑅
𝑅𝑅 2

ℎ𝑛𝑛 = ℎ𝑓𝑓 + 2𝑅𝑅(1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑛𝑛 )

ROLL FORCES:-

𝑓𝑓 = 𝐿𝐿𝐿𝐿𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎
w = width

τavg = Allowable stress of material
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