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Elastic vs Plastic Behavior

Ductility, Yield Point, Hardness, Toughness



Study Guide

Know the following points / features on the stress-strain curve:


Elastic Modulus


Yield point. 

How is the yield point defined and why is it preferred over the proportional limit?


Tensile Strength


Failure Point


Understand how to graphically determine / compare ductility, strength, and toughness.


Understand the general comparison of these for the main material categories.




Elastic Regime (Linear Regime, or Linear-Elastic Regime):

Atomic bonds are stretched.

Deformation is in this regime is completely reversible.


Hooke’s Law Applies

      σ = Eϵ

Plastic (Non-linear Regime):

Deformation accrued in this regime is irreversible.

Idealized Engineering Stress-Strain Curve For a Ductile Material

                   Perfectly linear regime followed by a distinct non-linear regime.

                   Most stress-strain curves regimes are not this easily distinguished.
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*The elastic portion of this schematic curve is a bit exaggerated.



Non-uniform Plastic Regime:

Atomic bonds are broken / reformed.

Continued dislocation motion and/or 

mechanical twinning become

become increasingly difficult.


Deformation is not reversible and is

not uniform throughout the volume

of the specimen.

Uniform Plastic Regime:

Atomic bonds are broken / reformed.

Dislocations begin to move and/or

mechanical twinning occurs.


Deformation is not reversible, and is 

uniform throughout the volume of the

specimen.

Idealized Engineering Stress-Strain Curve For a Ductile Metal

*The elastic portion of this schematic curve is a bit exaggerated.

Elastic Regime (Linear Regime, or Linear-Elastic Regime):

Atomic bonds are stretched.

Deformation is in this regime is completely reversible.


Hooke’s Law Applies

      σ = Eϵ

ε

σ



Idealized Engineering Stress-Strain Curve For a Ductile Material

                   Perfectly linear regime followed by a distinct non-linear regime.

                   Most stress-strain curves regimes are not this easily distinguished.
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*The elastic portion of this schematic curve is a bit exaggerated.

Important:

There is no simple or universal equation for the full stress-strain curve 
when significant plasticity dominates the majority of the strain response. 
Take a look at the various stress-strain curves on an upcoming slide 
and note the variety of appearances, particularly the shape and details 
of the plastic regime.


Rather, calculations involving plastic deformation rely on having the 
actual data (e.g. reading a plastic strain associated with a computed 
non-elastic stress or vice-versa).



Imagine loading a material beyond the elastic

limit and then relaxing the stress.

Let’s track the length change and correlate it with the 
elastic and plastic regimes. Note that I’m not trying to 
depict the location of the strain here. Rather, I am just 
trying to compare the reversible / permanent nature of 
the different strains that develop here.

Virtual Experiment:
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Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.



Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.

ε

σ



E

Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.

ε

σ



E

Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.

ε

σ



E

Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.

ε

σ



E

Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.

ε

σ



E E

Plastic Deformation
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Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.
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Bond Stretching

Dislocation Motion (Slip) 

Possibly Twinning

Bond Relaxation

Permanent Strain 

The overall deformation is not totally 
reversible, so the material will not return 
to its original dimensions upon unloading.


The unloading path follows a line with 
the same slope as the elastic regime 
down to zero stress at some finite 
residual strain.


For large plastic strains (e.g. >15%), the 
elastic recovery is typically negligible.

Later: We’ll learn that these processes involve sophisticated bond breaking

E

Plastic Deformation

A material can endure only so much stress before it deforms permanently.

Deformation beyond this limit is termed plastic deformation.
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Ductility

A measure of how much plastic deformation a material can sustain before fracture.

Graphically, a larger εF  implies greater ductility.


εF A

Numerically:       Percent Elongation at Failure:
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Graphically, response A expresses more ductility than response B.

Percent Reduction in Area at Failure:
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Stress-Strain Curves For Some Common Metals and Alloys 

Essential Mechanical Properties (© S.O. Kasap, 1990 - 2001) 18
An e-Booklet

Table 3-3
Strength classification of metal alloys

Strength σy (MPa) Examples

Ultrahigh strength > 1,500 Cobalt alloys. Martensitic steels.
Ni alloys.

High strength 750−1,500 Tungsten. High strength low alloy (HSLA) steels, quenched and tempered
steels. High carbon steels.
Beryllium-copper (97.9% Cu-1.9% Be-0.2% Co) alloy precipitation hardened.
Titanium alloys.

Medium strength 250−750 Plain medium carbon steels. High strength structural steels.Nodular cast iron,
gray cast iron. Heat treatable Al alloys (Al-Cu-Mg, Al-Zn-Mg-Cu). Brasses.

Low  strength < 250 Most annealed pure metals. Some low carbon steels. Mg alloys.
Tin alloys

Figure 3-3 shows typical stress vs. strain characteristics of various metals which exhibit ductility.
Low carbon steels possess an upper yield point (σuy) at A and a lower yield point (σly) at B as indicated in
Figure 3-3.

Figure 3-3: Stress vs strain behavior for a few selected metals (data selectively
extracted and combined from various sources) Steels (thick solid line) exhibit an
upper yield point, marked A, and a lower yield point marked B.
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Example 3.1: Plastic deformation and fracture of a steel wire

Stress

 [MPa]

Note:


The aluminum alloys shown

here feature higher modulus,

yield strength, and tensile

strength compared to this 

particular steel.


This steel offers a higher 

toughness (ductility), however.


Later:

We’ll learn why Brass 

(Cu + Zn) exhibits enhanced

mechanical properties over

pure Cu.

Elastic Limit

< 1%  Strain

for most metals

Metals for structural use need to offer about 15% of plastic strain 
before failure, at the minimum. 


This % varies depending on experience / risk tolerance for failure.

DuctileRisky:

Not very ductile.



Stress-Strain Curves For Some Common Metals and Alloys 

When talking about elevated temperature, the
actual temperature is dependent on the material
being worked. In fact, the ratio of the actual
temperature to the temperature at which the
material starts melting (TM) is considered to
determine whether a material is being worked
cold, warm, or hot. This ratio, T/TM is called the
homologous temperature. Typically, tempera-
tures below 0.3 TM are considered cold. Tem-
peratures above 0.5 TM are considered hot, and
intermediate temperatures are considered warm.
Table 1 indicates typical hot working tempera-
tures for various engineering materials. As can
be seen in the table, temperatures considered
hot when processing magnesium alloys can be
almost 800 !C (1440 !F) lower than needed to
hot work steels, clearly demonstrating the rela-
tivity of “hot.” Figure 5 depicts the effect of
temperature on yield stress for various engi-
neering materials. Figure 6 shows complete
stress-strain curves for aluminum alloy 2024 at
three different temperatures. Both figures illus-
trate that an increase in temperature decreases
flow stress. This fact, combined with the
increased ductility obtained, drives the use of
elevated temperatures in bulk forming, allowing
significant deformation to be performed while
keeping press sizes reasonable.
The Effect of Strain Rate. Strain rate, a

normalized description of the deformation rate of
a material, is another factor that can significantly
influence the stress-strain behavior of metallic
materials. Figure 7 depicts schematically how
going from a low strain rate to a high strain rate
affects flow curves. Under cold forming condi-
tions (Fig. 7a), an increase in strain rate from low
to high results in a slight increase in stress at any
given strain, with the shape of the curve being
very similar at both strain rates. When deforming
the same material at high temperature (Fig. 7b),
low strain rate results in a curve that is typically
almost horizontal (perfectly plastic portion) due
to diffusion, recovery, and/or recrystallization
mechanisms having time to counterbalance
strain-hardening effects. At high strain rate, there
is no longer sufficient time for that to occur
and stress increases as a function of strain.
The dashed lines show what the curves look like
from a raw data standpoint, due to deformation
heating during testing (see the section “Effect of
Microstructure” in this article).

How much the flow curve of a material is
affected by a change in strain rate is called
strain-rate sensitivity. As implied previously,
strain-rate sensitivity tends to increase with
temperature. Figure 8 illustrates the effect of
temperature on strain-rate sensitivity for various
engineering materials. As can be seen in that
figure, there is a sharp transition in the strain-rate
sensitivity of those materials at temperatures
around 0.5 TM, which is the typical low boundary
for hot working. High strain-rate sensitivity is
advantageous during processing as it prevents
localized deformation that can lead to failure.
Indeed, regions within a workpiece that experi-
ence localized deformation deform faster
than surrounding regions. This higher rate of
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Fig. 1 General comparison of engineering stress-strain curves of various steels at room temperature. Source: Ref 5
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Risky:

Not very ductile.

Moderately

Ductile



P

Proportional Limit, P 

The point at which the mechanical response departs from linear. 

A mathematically ideal point that is difficult to determine in real data.

Useful conceptually, not useful in practice.
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σy

εy

P

Yield Point, Yield Strength, σy, The Elastic Strength Of A Material

For applications using a material with at least some ductility, this is almost always the 
relevant the metric of strength, since stressing beyond this causes permanent 
deformation of the part, which is rarely desirable.

0.002
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0.002

σ

ε

σy

P is also unclear


Therefore, when the transition plastic deformation is 
sudden, the upper yield point is usually ignored and 
the lower yield point  is used, which is conventionally 
defined as the onset of the “turbulent” mechanical 
response regime:

Some common steels exhibit

this behavior. See the next slide.

εy εy

P is not obvious and subjective to the reader’s 
opinion. 


Therefore, the transition to plastic deformation  is 
defined as the stress that intersects a line with 
slope E and a strain offset of 0.002 (or 0.2%) :

Yield Point, Yield Strength, σy, The Elastic Strength Of A Material

Two common ways for determining:
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Note there is an upper and lower yield point exhibited by these steel specimens.

Using the lower yield point incorporates an additional factor of safety.



Tensile Strength (TS) or Ultimate Tensile Strength (UTS)

*** Only relevant as a design strength for brittle materials.

σTS


or

σUTS

The tensile strength is the maximum on

the stress-strain curve.


At σTS  the sample begins necking. 

If this stress level is maintained,

the sample will eventually fail.


The load (force) associated with this

point is the maximum force the sample

can endure (not indefinitely) without failure.
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Strength of a Ductile Metal?

Three commonly reported values for “axial loading strength”: σy   σTS   σF

Yield Point - The maximum elastic stress. 

                      The relevant strength for metals for elastic applications.

Tensile Strength - The maximum stress on an engineering stress-strain curve

                               Not very relevant for ductile metals (describes “mid-strain” strength).

                               Typically associated the necking phenomenon in a tensile test.

                               Relevant for brittle materials that don’t yield.


Failure Strength - The stress at which fracture occurs on an engineering stress-strain curve.

                               As we’ll see on a true stress - true strain diagram
                               σ

ε

σTS
σy σFLater:


The irrelevance of tensile strength for 
ductile materials will be more clear when 
we compare engineering stress-strain 
curves to true stress-strain curves.



Strength of a Ductile Metal?

Three commonly reported values for “axial loading strength”: σy   σTS   σF


When citing the “strength” of a ductile metal for design purposes, Yield Strength 

is preferred over Tensile Strength, because it indicates the stress at which the 
metal begins to permanently deforming (a warning that failure is on the way).


Unless the design is specifically intending on failure of a metallic component, it is 
inappropriate to use tensile strength or failure strength.



Ductility

A measure of how much plastic deformation a material can sustain before fracture.

Graphically, a larger εF  implies greater ductility.

εF A

Numerically:       Percent Elongation at Failure:
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εF B
ε
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Graphically, response A expresses more ductility than response B.

Percent Reduction in Area at Failure:

or



From:

Structure‐Property Relations in Nonferrous Metals

Alan Russell, Kok Loong Lee, John Wiley & Sons, 2005

Why do we desire ductility for structural metals if we only intend to load elastically?

Parts in service rarely experience conditions that are as ideal as a tensile test.


Therefore, we almost always need to choose a material and expecting loading conditions

that allow for ductile response (e.g. “graceful failure”), even though we typically don’t want 
parts in service to plastically deform.

Later we’ll discuss:


Complex stress states


Temperature


Strain Rate


Corrosion


Stress concentration


Unexpected Loading


Cyclic Loading (Fatigue)

.

.

.



Hardness

A measure of how well a material resists local indentation, abrasion, wear, etc. 

Correlated to σy 


Often measured by scratch / indention measures (Moh’s Scale, Brinell, Rockwell, Vickers).


Here, B is harder than A.

0.002

σyB

σyA

σ

ε
I expect you to understand hardness in a qualitative / conceptual way (e.g. it is correlated with yield point & bond strength).

I won’t test you on specific hardness tests / scales / values.



Moh’s Hardness

Invented by Friedrich Mohs (1812) and compares hardness 

by determining if a material can be visually scratched by other 

standard materials. Useful for field geology more than industry.

I expect you to understand hardness in a qualitative / conceptual way (e.g. it is correlated with yield point & bond strength).

I won’t test you on specific hardness tests / scales / values.



Modern Hardness Tests

Based on measuring the depth of indentation from a small probe within a sample.

Simple, Inexpensive, Quick, Nondestructive

Effective for brittle materials too.



Modern Hardness Tests

Some common hardness tests:

Table 6.5 Hardness-Testing Techniques

Shape of Indentation Formula for 
Test Indenter Side View Top View Load Hardness Numbera

Brinell 10-mm sphere
of steel or
tungsten carbide

Vickers Diamond 
microhardness pyramid

Knoop Diamond 
microhardness pyramid

Rockwell and 
superficial 
Rockwell !

Diamond
 cone;
 1

16- ,18- ,14- ,12- in.-
 diameter
 steel spheres

l/b = 7.11
b/t = 4.00

D

d

120°

t

136° d1 d1

d

b

l

P

P

P

Rockwell

Superficial Rockwell
15 kg
30 kg
45 kg

¶
60 kg

100 kg
150 kg

¶

HK ! 14.2P"l2

HV ! 1.854P"d1
2

HB !
2P

pD 3D # 2D2 # d2 4

aFor the hardness formulas given, P (the applied load) is in kg, whereas D, d, and l are all in mm.
Source: Adapted from H. W. Hayden, W. G. Moffatt, and J. Wulff, The Structure and Properties of Materials, Vol. III, Mechanical Behavior. Copyright ©
1965 by John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.

d1,

•
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JWCL187_ch06_150-196.qxd  11/5/09  9:36 AM  Page 175



Hardness Test Scales

Hardness is not a well-defined

property, and no comprehensive

conversion scheme exists.


Conversion data are based on

experiments and found to be

dependent on the material type

and characteristics.


Care should be taken when

converting between the scales,

especially when comparing different

systems (steel to aluminum, steel to

brass, etc.).
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Very Ductile But Weak (Not Tough)

Polymers above Tg generally exhibit very high 

strain under very low stress (they are soft & ductile).

Strong and Ductile (Tough)

Notice that significant toughness requires

strength AND ductility (height AND width).

Most metals & alloys

Very Strong but Brittle (Not Tough)

Ceramics, some composites 

Ionic and covalent systems

Some intermetallic compounds

Thermosetting polymers (far weaker 

than implied graphically here, closer 

to some low-strength metals)

These depictions and category labels are 
intended to merely to provide a general, and 
relative, comparison of the behaviors expressed 
by classic examples within these categories.


Note that:


• Outliers exist (we’ll survey some later).


• These are the typical behavior (e.g near room 
temperature, standard strain rates, standard 
ambient pressure, etc.).Polymers below Tg 

generally exhibit very 
low strain under fairly 
low stress. (they are 
somewhat strong, but 
are also brittle).

Toughness & The “Strength - Ductility Trade-off”.

A measure of how much energy a material can absorb before fracture.

Proportional to the area under the stress-strain curve up to fracture.
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Toughness & The “Strength - Ductility Trade-off”.

A measure of how much energy a material can absorb before fracture.

Proportional to the area under the stress-strain curve up to fracture.

Very Ductile But Weak (Not Tough)

Polymers above Tg generally exhibit very high 

strain under very low stress (they are soft & ductile).

Strong and Ductile (Tough)

Notice that significant toughness requires

strength AND ductility (height AND width).

Most metals & alloys

Very Strong but Brittle (Not Tough)

Ceramics, some composites 

Ionic and covalent systems

Some intermetallic compounds

Thermosetting polymers (far weaker 

than implied graphically here, closer 

to some low-strength metals)

Polymers below Tg 
generally exhibit very 
low strain under fairly 
low stress. (they are 
somewhat strong, but 
are also brittle).

Universal & Important Concept:

Within a given class of material (e.g. metal, polymer, etc.), 
comparison of a material to a related material (e.g. pure 
aluminum to aluminum alloy, 1020 steel to 10140 steel,  LDPE 
vs HDPE, etc.), strength and ductility are almost always a 
trade-off.


Modifications to a given material - or its condition - that 
increase strength tend to decrease ductility.


Modifications to a given material - or its condition - that 
decrease strength tend to increase ductility.


The reasons & fundamental mechanisms for this constraint of 
sorts vary across the material categories (e.g. discrete 
sphere vs molecular chain vs covalent network, etc.).       
We’ll discuss these ideas in great detail throughout the term.


This universal “strength-ductility trade-off” implies that high 
toughness materials are not the strongest materials, nor are 
they the most ductile materials. Rather, high toughness 
materials are a compromise, since they tend to express 
intermediate strength & ductility.


