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Abstract. This paper examines the effects of plastic deforma-
tion during processing. In particular, the processing variables
stress, strain, and temperature are compared and contrasted for
five different processing techniques - sheet metal stamping, severe
plastic deformation, hot isostatic pressing, foaming, and forging.
Ultimately, the similarities and differences are connected in a de-
formation mechanism map to obtain an overview of the types of
plastic deformation to be expected for each materials process.

1. Introduction

Plastic deformation occurs when a material is stressed above its elas-
tic limit, i.e. beyond the yield point, as illustrated in Figure 1. The
resulting plastic deformation is permanent and cannot be recovered by
simply removing the stress that caused the deformation. The energy
applied to the material was consumed as the material yielded by dis-
location slip and/or twinning. In the case of materials processing, it is
important to understand the plastic deformation involved in order to
most effectively device a fabrication method for an object of a certain
final shape.

Plastic deformation in the form of slip occurs along the close-packed
lattice planes, where the energy requirement for dislocation motion is
minimized. Slip inside a crystal progresses until the dislocation line
reaches the end of the crystal, where it results in a visible step - a
so called slip band. Slip happens progressively, one step at a time,
such that the crystal structure for all times remains the same. For
most metals, the close-packed plane is the (111); therefore, slip bands
usually occur at 45o to the stress-axis.
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Figure 1. Graph showing the elastic and plastic strain
of a material under uniaxial stress. [1]
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In the case of twinning, on the other hand, the lattice structure does
change. Twinning is a kind of kinking of the crystal lattice that creates
mirror images of the crystal structure across the twin boundary. Dur-
ing twinning, the atoms move only a fraction of an interatomic spacing;
still, due to the simultaneous flipping of many involved atoms, a macro-
scopic change in the crystal lattice can be observed, and sometimes even
heard! [2]

In this project we will investigate the plastic deformation present in
the following materials processes:

(1) Sheet Metal Stamping
(2) Severe Plastic Deformation
(3) Hot Isostatic Pressing
(4) Foaming
(5) Forging

The processes will be connected by parallels drawn to physical pro-
cessing parameters such as:

• Stress
• Strain
• Temperature

Where applicable, we will also look at certain engineering econom-
ical issues, such as cost, throughput, quality, practicality, and scaling
possibilities.

2. Sheet Metal Stamping

Sheet metal stamping is a materials processing technique by which
metal parts are stamped out from thin sheets of metal using a punch
and a die. The die fixes the sheet metal in the desired position, while
the punch delivers a high-energy, rapid punch using hydraulic machin-
ery. Stamping is frequently employed for high volume production of
parts for the aviation-, car-, and electronics industries. Both metal
and metal alloys can be used for stamping. The most common stock
materials are aluminum, brass, steel, copper, titanium, and zinc. [3]
The inexpensive materials and the high level of automation possible
during stamping allow for lucrative mass production of metal parts at
low cost and low cycle time.

In this section, we will start with a discussion of the stress-state
during sheet metal stamping, then look at how plastic deformation can
lead to failure in metal stamping, and finally conclude with a numerical
example of sheet metal stamping.
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Figure 2. Diagram showing the deformation stretching
of a blank in between a punch and die set. [4]

Figure 3. Diagram showing an infinite stress-element
under plane strain during metal stamping.

2.1. Analysis of Stress-State. In sheet metal stamping, parts are
formed by stretching a thin sheet of metal, called the blank, over a
shaped punch and die set, as can be seen in Figure 2. During the
deformation, the blank is kept in position by the blank-holders. Con-
sequently, in contrast to forging where the material stock is deformed
by compression, stamping results in stretching of the blank. There-
fore, for the most part, the material is only in contact with the tooling
on one side, and the contact pressure is small compared with the flow
stress.

Let us now analyze the stress-state of the blank in Figure 2. We as-
sume plane stress deformation with negligible through-thickness stresses
and proceed with a two-dimensional analysis of the infinitesimal stress-
element illustrated in Figure 3.

By convention we define the principal stress-directions so that σ1 >
σ2 and the third direction is perpendicular to the surface where σ3 = 0.
We will also introduce the stress ratio, α, and the strain ratio, β, where

α =
σ2

σ1

;(1)

β =
ε2

ε1

;(2)

ε3 = − (1 + β) ε1.(3)

In a system of plane stress

α =
1

2
;(4)

β = 0.(5)

In order to find the functions representing the stresses and strains
in the principal directions, we make use of von Mises yielding criterion
for stress and strain [5]

σ̄ =
(√

1− α + α2
)

σ1;(6)

ε̄ =

√
4

3
(1 + β + β2) ε1;(7)
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where σ̄ and ε̄ are the effective stress and strain, respectively. We also
assume the effective stress-strain relationship

(8) σ̄ = K (ε0 + ε̄)n ,

where K and n are material-dependent constants and ε0 is the initial
strain of the material. By substituting Eqs. 4 into Eqs. 6, we obtain
the following effective stress and strain relationships:

σ̄ =

√
3

2
σ1;(9)

ε̄ =
2√
3
ε1.(10)

Knowing these equations, it is possible to calculate the tension acting
in a point of the blank. We start by expressing the current thickness,
t, as a function of initial thickness, t0:

t = t0 exp (ε3)(11)

=t0 exp (−(1 + β)ε1)(12)

=t0 exp (−ε1);(13)

and the major principal tension, T1:

(14) T1 = σ1t.

After rearranging Eq. 6 and substituting in Eq. 8, we obtain

(15) T1 =
2K√

3

(
ε0 +

2√
3
ε1

)n

t0 exp (−ε1)

and

T2 =
T1

2
;(16)

T3 = 0.(17)

2.2. Frequently Encountered Failure Types. The above devel-
oped analysis for the two-dimensional stress state can be used to under-
stand the failure types encountered during metal stamping. The main
material properties that factor into the above equations and that de-
termine how far the shape of a blank can be changed in fabrication, i.e.
the forming limit, are the yield strength and ultimate tensile strength.
In combination with the applied stress, they dictates the yielding be-
havior of the material during stamping. For instance, if the effective
stress exceeds the ultimate tensile strength, the material fails.

Through experimental observations, [6] it has been shown that failure
during sheet metal stamping is always one of the following three types:
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Figure 4. Diagram outlining the parameters involved
in stamping a V-shaped object. [7]

Figure 5. Diagram outlining the parameters involved
in stamping a U-shaped object. [7]

(1) fracturing
(2) necking
(3) drawing failure

The likelihood of failure by fracturing is directly related to the duc-
tility of the metal. For most metals the ductility is high enough to
withstand the stretching during stamping. However, if the metal were
to be cold rolled prior to stamping, it might accumulate a sufficiently
large number of dislocations that annealing is necessary to reduce its
brittleness and prevent fracturing.

Failure by necking results when the tensile stresses act in such a way
as to force the material to stretch beyond its forming limit.

Drawing failure is different from the other failure types in that the
over-all change in shape, rather than localized straining, is the limiting
factor. This happens predominantly when the blank is too thick, such
that the forces uniting the bulk material become insufficient to with-
stand the rapid force applied by the punch. Consequently, when the
volume of metal involved in the stamping is too large, failure, rather
than plastic deformation, will occur at the weakest point of the blank.

2.3. Numerical Example. Taking all of the above considerations
into account, we will now analyze the bending forces required to stamp
one V-shaped and one U-shaped object, respectively.

As seen in Figures 4 and 5, the parameters involved in calculating
the bending force are:

P Bending Force (kgf)
C Correction Factor
B Length of Bend (mm)
t Sheet Thickness (mm)
σt Material Tensile Strength (kgf/mm2)

The correction factor can be found by evaluating the length to thick-
ness ratio of the part [7]:

L C
5t 1.45
8t 1.33
10t 1.28
16t 1.20
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The bending forces PV and PU required to form a V-shaped and
U-shaped object, respectively, are found to be [7]

PV = C × B × t2 × σt

L
;(18)

PU =
C − 1

3
×B × t× σt.(19)

For an aluminum blank, where L = 8t, t = 1mm, B = 100mm, and
σt = 30kgf/mm2, we obtain for following results:

PV = 1.33× 100× 12 × 30

8
≈ 500kgf ;(20)

PU =
0.33

3
× 100× 1× 30 ≈ 330kgf.(21)

Ultimately, sheet metal stamping is a materials process that relies
heavily on plastic deformation. The stresses and strains required are
moderate, and the process is usually carried out at room temperature.
The governing deformation mechanisms during metal stamping are dis-
location slip and twinning, as verified by the deformation mechanism
map shown in Figure 6.

3. Severe Plastic Deformation

Severe Plastic Deformation (SPD) is a method of processing metals
to create bulk material comprised of nanostructures. It is an appeal-
ing method of creating bulk nanomaterial, because it does not involve
the use of nanopowder. Mechanical properties of the metal are also
improved by SPD. In SPD, the metal undergoes extremely high plas-
tic strain, leading to lots of shear deformation. The original coarse
grains become smaller and smaller with increasing strain, which go as
high as 600-800%. This results in nanoscale grains in the metal and
high crystal disorientation. These highly misoriented of submicrometer
sized grains, leads to a bulk material with improved mechanical and
magnetic properties.

Equal channel angular pressing (ECAP) is a processing method of
SPD. It is an instrument that is made of two circular channels that
are joined at a particular angle, as seen in Figure 5. The metal is
pushed through the instrument with a plunger, causing shear in the
material. The diameter of the metal sample remains the same after
going through ECAP once, so it is possible to have multiple runs of
ECAP on the same sample. With each pass, the grains become more
equiaxed and homogenous, resulting in a material with greater strength
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Figure 6. Graph showing the relationship between
stress, strain, and temperature for metal stamping, SPD,
HIP, foaming, and forging. [8]

and ductility. Each iteration of the process leads to more and more
plastic deformation in the material.

This section will discuss the equations that govern the strains, ana-
lyze the factor of temperature based on experimental data, and calcu-
late the energy required for ECAP.

4. Hot Isostatic Pressing

5. Foaming

6. Forging

7. Conclusion

As we have seen above, the five materials processes investigated can
be connected in terms of stress, strain, and temperature. The process-
ing requirements are combined and plotted on deformation mechanism
map, as shown in Figure 6.
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