Chapter 6.
Mechanical Properties of Metals
6.1 Introduction
 Many materials (when in service) are subjected to forces or loads(Al. alloy:airplane wings; steel:
automobile axle). In such situation need to know mechanical properties of materfial so to design
the member and hence to avoid any failure.
 Mechanical properties of materials are determined by conducting carefully designed laboratory
experiments.
 Most active organization in establishing such standards is the ASTM which produces Annual Book
of ASTM Standards (updated yearly) that relate to mechanical testing techniques.
 Structural engineers determine stresses within members under defined loads using experimental
tests and/or analytical equations.
 On the other hand, materials and metallurgical engineers are concerned with producing and
fabricating materials to meet service requirements. This involves an understanding of the
relationships between the microstructure of materials and their mechanical properties.
 In this chapter we will discuss mechanical
properties of metals.
6.2 Concept of Stress and Strain
 Threre are three principal ways in which a load can
be applied: tension, compression, and shear, see
figure.
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6.2.a Tensile Tests
 Gradually increase tensile load applied uniaxially along the axis of the
specimen; deforming the specimen until fracture (destructive test). See
standard tensile specimen with circular cross section and reduced section
length at least 4 times the diameter. Guage length is used in computations.
 The specimen is mounted by
its ends into the holding grips
of the testing apparatus as
shown; which elongates the
specimen
extensometer
specimen at constatnt rate..
 Load cell measures the
2”gauge
applied load continuously
and instantaneously, and
length
resulting eleongations are
measured by extensometer.
 The output of the tensile test
is recorded o a strip chart (or
by a computer) as load versus
eleongation.
 To minimize dependencey on geometrical factors, load and deformation are normalized to
engineering stress and engineering strain
F
 Engineering stress:
(6.1)
σ =
A0
Where F = instantaneouse load applied ⊥ to the specimen cross section (N)
Ao = original cross-sectional area before applying load (m^3)
So unit os stress is MPa = 10^6 N/m2 or psi (1 MPa = 145 psi).
 Engineering strain:

ε=

l i − l0 ∆ l
=
l0
l0

(6.2)

Where li = instantaneous length
lo = original length before applying load
li - lo = defoemation eleongation or change in length at some instant
So unit of strain is m/m or unitless. Sometimes expressed as percentages.
Stress and strain are related as
σ = Eε
Where E = modulus of elasticity or young’s Modulus (GPa; psi).
6.2.b Compression Tests
 A compression test is conducted in a manner similar to the tensile test, except that the force is
compressive and the specimen contracts along the direction of the stress. Used when the
material is brittle in tension or when a material’s behavior under large and permanent strains
is desired.
 Equations (6.1) and (6.2) are utilized to compute compressive stress and strain, respectively
(negative stress).
 Tensile test are more common because they are easier to perform.
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6.2.c Shear and Torsional Tests
 For tests performed using a pure shear force (fig. 6.1c), shear stress is defined as:
F
(6.3)
τ=
A0
Where F = shear force parallel to the upper and lower force; each with Ao.
 The shear strain γ is defined as the tangent of the strain angle θ (see figure)
γ = tan( θ )
Same units as above.
 Shear stress and strain are related as
τ = Gγ
(6.7)
Where G = modulus of regidity (shear modulus of material, MPa).
 Torsion is a variation of pure shear (structural member is twisted as in fig. 6.1d).
Tρ
τ=
J
Where T = torque exeted on any cross section of the shaft.
J = polar moment of inertia (m^4).
ρ = distance from axis of shaft.
 Torsional forces produce a rotational motion about the langitudinal axis of one end of the
member (shagft) relative to the other end (see fig.), called twist angle:
TL
φ=
JG
Where L = length of shaft.
6.2.d Geometric Considerations of the Stress State
 Stresses described so far are either parallel or perpendicular to plannar faces
being acted upon. However, the stress state is a function of the orientation of
the plane upon which stresses act.
 Consider a cylindrical specimen under tensile stress, then consider the
inclined plane (as shown) on which the stress is no longer a pure tensile one,
rather it has 2 components given as:

⎛ 1 + cos 2θ ⎞
⎟
2
⎝
⎠
⎛ sin 2θ ⎞
τ ′ = σ sinθ cos θ = σ ⎜
⎟
⎝ 2 ⎠

σ ′ = σ cos 2 θ = σ ⎜

(6.4)

These equations allow transformation of stress components from one coordinate
system to another with different orientation.
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ELASTIC DEFORMATION
6.3 Stress-Strain Behavior
 For most metals that are stressed in tension and at relatively low levels, stress and strain are
proportional to each other through the relation:
(6.5)
σ = Eε
Where E = modulus of elasticity or young’s Modulus (GPa; psi). Values for several metals at room
temperature represented in table 6.1.

 Elastic deformation is the deformation in which stress and strain are linearly proportional. See
figure next. So, the slope of line is E which may be thought as the stiffness or material’s resistance
to elastic deformation.
 Elastic deformation is reversible (nonpermanent), specimen returns to its original shape when
applied load is released, see figure.
1. Initial

2. Small load

3. Unload

bonds
stretch
return to
initial
δ
F

On atonic scale, macroscopic elastic strain is manifested
as small change in the interatomic spacing and the
stretching of interatomic bonds. Thus, E is a measure of
the resistance to separation of adjacent atoms, that is, the
interatomic bonding forces. E is proportional to the slope
of the interatomic bonding force-separation curve at the
⎛ dF ⎞
equilibrium spacing. E ∝ ⎜
(6.6)
⎟
⎝ dr ⎠ r0
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 Some materials (gray cast iron, concrete, and many polymers) behave with nonlinear initial elastic
portion. So need to use tangent or secant modulus is used to find E. see figure.

F

Linearelastic Non-Linearelastic

δ

 As a consequence of the different types of atomic
bonding, typically (usually)
E (ceramic) > E (metals) > E (polymers) .
 As temperature increases, E diminishes as shown in the
figure for several metals.

6.4 Anelasticity
 So far, we assumed that elastic deformation is time independent; stress produces constant strain
(over time) which immediately returns to zero when stress is released.
 In most engineering materials, however, elastic deformation will continue after the stress
application, and upon load release some finite time is required to complete recovery.
 This time-dependent elastic behavior is known as anelasticity and it is due to time-dependent
microscopic and atomistic processes that are attendant to the deformation.
 For metals the anelastic component is normally small and is often neglected. But for some
polymeric materials its magnitude is significant; in this case it is termed viscoelastic behavior
(chapter 15).
See Example 6.1
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6.5 Elastic Properties of Materials
 Axial deformation is usually acompanied with lateral reductions,
see figure.
 If the applied stress is uniaxial (only in the z direction) and the
material is isotropic then ε x = ε y (negative). Poisson’s ratio is
defined as the ratio of lateral strain to axial strain:

ν=

εy
ε lateral
ε
=− x =−
ε axial
εz
εz

(6.8)

For many metals and alloys the value of Poisson’s ratio ranges
between 0.25 and 0.35, see table 6.1.
 For isotropic materials, elastic modulus and shear modulus are
related to each other and to Poisson’s ratio as:
(6.9)
E = 2G ( 1 +ν )
In most metals G =~ 0.4E .
 Many materials are elastically anisotropic; elastic behavior varies with crystallographic direction.
For such materials, elastic propeties are completely described only by the specification of several
elastic constants depending on the characteristics of the crystal structure.
See Example 6.2

PLASTIC DEFORMATION

 For most metallic materials, elastic deformation persists only to strains of about 0.005. As the
material is deformed beyond this point, the stress and strains are no longer linearly proportional
(Hook’s law is not valid) and permanent (nonrecoverable) or plastic deformation occurs, see figure.
 From an atomic prespective, plastic deformation corresponds to the breaking of bonds with original
atom neighbors and then reforming bonds with new neighbors as large numbers of atoms (or
molecules) move relative to one another; upon removal of the stress they do not return to their
original position.
 For crystalline solids the mechanism of this deformation is accomplished by a process called slip.
(motion of dislocations). For noncrystalline solids (and liquid) plastic deformation occurs by a
viscous flow mechanism (chapter 12).
1. Initial

3. Unload
bonds
planes

stretch

Still
sheared

& planes
shear

δ elastic + plastic

δ plastic

F
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6.6 Tensile properties
6.6.a Yielding and Yield Strength
 Most structures are designed to ensure that only elastic deformation will result when a stress
is applied. Need to know the level where plastic
deformation begins, or where the phenomenon of
yielding occurs.
 The initial departure from linearity of the stressstrain curve is called the proportional limit, point P
in figure shown which may not be determined very
precisely.
 So, a straight line is constructed parallel to the
elastic portion of the curve at the strain value of
0.002 (strain offset method). The stress that
corresponds to the intersection is defined as the
yield strength σ y (Mpa) – used strength instead of
stress because it is a metal property whereas stress
related to load.
 For materials with nonlinear elastic region; yield strength is defined at some amount of strain
(e.g. 0.005).
 Some steels and other materials exhibit what is called a yield point phenomenon (see part b in
figure): at the upper yield point, plastic deformation is initiated with actual decrease in the
stress. Continued deformation fluctuates slightly about some constant stress value named
lower yield point. Then stress increases as strain increases. For metals that display this effect,
the yield strength is taken as the average stress associated with lower yield point.
 The magnitude of yield strength for a metal is a measure of its resistance to plastic
deformation (ranging 35 MPa for low-strength aluminum to 1400 MPa for high-strength
steels).
6.6.b Tensile Strength
 After yielding, the stress necessary to continue plastic deformation in metals increases to
point M (see fig.) and then decreases to the eventual fracture point F.
 Tensile strength (TS) is the stress at the maximum on the engineering stress-strain curve; it is
the maximum stress that can be sustained by a structure in tension Æ uniform deformation M- necking begins. If this stress
applied and maintained, fracture
TS
will result. The fracture
strength corresponds to the
F = fracture or
strength
stress at fracture.
Eng.
 Tensile strength may range from stress
Neck – acts
as stress
50 MPa for aluminum to 3000
concentrator
MPa for high-strength steels.
 When strength of a metal is
Typical response of a metal
cited for design purposes, the
yield strength is used (no need
for plastic deformation). See
strain
summary next.
engineering strain
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See Example 6.3

6.6.c Ductility
 Ductility (another important mechanical property) is a measure of the degree of plastic
deformation that has been sustained at fracture.
 A material that experiences very little or no plastic
deformation upon fracture is termed brittle. See figure.
 Ductility is expressed quantitatively as either percent
elongation or percent reduction in area.
 Percent elongation, %EL
⎛ l f − l0 ⎞
⎟⎟ X 100
%EL = ⎜⎜
(6.11)
l
⎝ 0 ⎠
Where lf = fraction length
lo = original guage length (commonly 50 mm)
 Percent reduction in area, %RA
⎛ A0 − A f ⎞
⎟ X 100
%RA = ⎜⎜
⎟
A
0
⎠
⎝

(6.12)

Lo

Ao

Af

Lf

Where Af = cross-sectional area at fracture
Ao = original cross-sectional area
 Both Af and lf are measured subsequent to fracture and after the
two broken ends are repositioned back together.
 Most metals processes a moderate degree of ductility at room temperature, however, some
become brittle as the temperature is lowered.
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 Knowledge of the ductility of materials is important for: 1) it indicates to the designer the
degree to which a structure will deform before fracture, 2) it specifies the degree of allowable
deformation during fabrication operations.
 Brittle materials are approximately those that have a fracture strain of less than 5%.
 Table 6.2 shows values of yield strength, tensile strength, and ductility for some common
metals at room temperature:

 These properties are sensitive to
any prior deformation, existing
impurities, and/or any prior heat
treatment.
 The magnitude of both yield and
tensile strengths decline with
increasing temperature; just the
reverse holds for ductility which
increases with temperature. See
figure.

6.6.d Resilience
 Resilience is the capacity of a material to absorb (to store) energy
when it is deformed elastically and then (upon unloading) to have
this energy recovered.
 Associated property is termed modulus of resilience Ur which is the
strain energy per unit volume required to stress a material from
unloaded state up to the point of yielding.
 Computationally Ur for a specimen subjected to a uniaxial tension
test is just the area under the engineering stress-strain curve taken to
yielding (see figure):

Ur =

εy

∫0

σ dε

Assuming a linear elastic region,
1
Ur = σ y ε y
2
Where ε y is the strain at yielding.

(6.13a)

(6.13b)
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The units of resilience are N2 m = J3 Æ energy absorption per unit volume.
m m

m

 Using equation 6.5 into equation 6.13b, we get

Ur =

1
1
σy εy = σy
2
2

⎛σ y
⎜
⎜ E
⎝

2
⎞ σy
⎟=
⎟ 2E
⎠

(6.14)

 Thus, a resilient material is that which has high yield strength and low modulus of elasticity,
such an alloy would be used in spring applications.
6.6.e Toughness
 Loosely speaking, toughness is a measure of the ability of a material to absorb energy up to
fracture. Geometry of specimen and manner in which load is applied are important in
determining the toughness.
 For static (low strain) situation,
toughness = area under stress-strain curve up to point of fracture (J/m^3) .
 So, for material to be tough it must display both strength and ductility. Ductile materials are
tougher than brittle ones (see figure above, page 8).

Engineering
tensile
stress,
σ

small toughness (ceramics)
large toughness (metals)
very small toughness

(unreinforced polymers)

Engineering tensile strain, ε
6.7 True Stress and Strain
 From figure on page 7, the decline in the stress necessary to continue deformation past point M (the
max.) seems to indicate that the metal is becoming weaker. This is not at all the case. Actually, the
metal is increasing in strength, however; the cross-sectional area is rapidly decreasing (necking).
This results in a reduction in the load-nearing capacity of the specimen. Equation 6.1 does not take
into account this reduction in area.
 Sometimes it is more meaningful to use a true stress- true strain scheme; using the instantaneous
cross-sectional area Ai (the neck past the tensile strength). True stress is

σT =

F
Ai

(6.15)

 Furthermore, it is occasionally more convenient to represent strain as true strain defined:

ε T = ln

li
lo

(6.16)

 If no volume change occurs during deformation – that is, if

Ai l i = Ao l o

(6.17)
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Then true and engineering stress and strain are related according to;
σT = σ ( 1+ ε )
(6.18a)

ε T = ln( 1 + ε )

(6.18b)

Equations (6.18) are valid only to the onset of necking.
 Figure shows a comparison between engineering and
true stress-strain curves.
 Note that true stress necessary to sustain increasing
strain continues to rise past the tensile point M’.
 Coincident with the formation of a neck is the
introduction of a complex stress state within the neck
region (other stress components in addition to axial
stress). As a result, the correct stress (axial) within the
neck is slightly lower than the true one. This leads to
the “corrected” curve as shown.
 For some metals and alloys the region of the true
stress-strain curve from the start of plastic deformation to the point at which necking begins may
approximated by:

σ T = K ε Tn

(6.19)
Where K and n are constants; these values that vary from alloy to alloy, and will also depend on the
condition of the material (plastically deformed, heat treated, or…..).
‘n’ is often termed the strain hardening exponent and has a value < 1. Next table shows values of n
and K for several alloys.

See Example 6.4

and

Example 6.5
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6.8 Elastic Recovery After Plastic Deformation
 Upon release of the load during the course of a stressstrain test, some part of the total deformation is
recovered as elastic strain. In figure shown, during the
unloading cycle, the curve traces a near straight-line
from point of unloading (point D) with a slope virtually
identical to module of elasticity. The magnitude of this
elastic strain, which is regained during unloading,
corresponds to the strain recovery.
 If the load is reapplied, the curve will traverse
essentially the same linear portion in the direction
opposite to unloading, yielding will again occur at the
unloading stress level where the unloading began. There
will also be an elastic strain recovery associated with
fracture.

6.9 Compressive, Shear, and Torsional Deformation
 Plastic deformation may be experienced by metals under the influence of compressive, shear, and
torsional loads. Stress-strain curve will be similar to that of the tensile load.
 However, for compression, there will be no maximum, since necking does not occur. Also, the
mode of fracture will be different from that of tension.

6.10 Hardness
 Hardness (another mechanical property) is a measure of a material’s resistance to localized plastic
deformation (small dent or a scratch).
 Many hardness tests have been developed over the years:
9 Early tests used natural minerals with a scale based only on the ability of one material to
scratch another that was softer.
9 Quantitative and some arbitrary hardness indexing scheme was developed and terms Mohs
scale (range: 1 on the soft end for talc to 10 for the diamond).
9 Quantitative hardness techniques have been developed in which small indenter is forced into
the surface of a material to be tested under controlled conditions of load and rate of application.
The depth or size of the resulting indentation is measured and then related to a hardness index
number; softer material Æ larger & deeper indentation Æ lower hardness index number.
 Hardness tests are performed more frequently than any other mechanical test for several reasons:
1) Tests are simple and inexpensive. No special specimen needed; inexpensive testing apparatus.
2) Tests are nondestructive; small-indentation deformation.
3) Other mechanical properties often may be estimated from hardness data (e.g. tensile strength).
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6.10.a Rockwell Hardness Tests
 Most common test to measure hardness. Easy and no need for special skills.
 Many possible combinations of various indenters and different loads, which permits testing of
virtually all metal alloys (as well as some polymers).
 Indenters:
1) Spherical and hardened steel balls with diameters: 1 , 1 , 1 , 1 inch
16 8 4 2













2) Conical diamond indenter; for the hardest material
In this system, a hardness number is determined by the difference in depth of penetration resulting
from the application of an initial minor load followed by a larger major load (mirror load used to
enhance accuracy).
Based on such loads, there are two types of tests:
a) Rockwell test:
minor load = 10 kg;
major load = 60, 100, and 150 kg . Each is represented by a letter
(see tables 6.4 and 6.5a).
b) Superficial Rockwell test
minor load = 3 kg;
major load = 15, 30, and 45 kg . Each is represented by its value followed by N, T, W,
X, or Y depending on the indenter (see table 6.5b for scales).
Superficial tests are frequently performed on thin specimens.
Specification is indicated by hardness number followed by sale identification (HR+ scale symbol)
Ex.
80 HRB Î Rockwell hardness of 80 on the B scale (1/16 in ball)
Ex.
60 HR30W Î Superficial Rockwell hardness of 60 on the 30W scale
For each scale, hardness may range up to 130, however; if hardness values > 100 or < 20 they
become inaccurate and it is best to use the next harder or softer scale.
Inaccuracy also results if:
a) test specimen is too thin;
b) indentation made is made too near a specimen edge, or
c) two indentations are made too close to one another;
Thickness should be at least 10 times the indentation depth, whereas allowance should be made for
at least 3 indentation diameters between the center of one indentation and the specimen edge, or to
the center of a second indentation.
Testing of specimens stacked one on the top of another is not recommended.
Accuracy is dependent on the indentation being made into a smooth flat
surface.
Shown is a modern apparatus for making Rockwell hardness test where
hardness is read directly, and each measurement requires only a few seconds.
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6.10.b Brinell Hardness Tests
 In these tests, a hard spherical indenter is forced into the surface of the metal to be tested
 Indenter:
spherical and hardened steel (or tungsten carbide) with diameter of 10 mm (0.394 in.)
 Standards loads range is 500 to 3000 kg in 500-kg increments during a test, the load is maintained
constant for a specified time (10 to 30 s). Harder materials require greater applied loads.
 The Brinell hardness number ’HB’ (or BHN) is a function of both the load and the diameter of the
resulting indentation (see table 6.4).
 Indentation diameter is measured with a special low-power microscope, utilizing a scale that is
etched on the eyepiece. The measured diameter is then converted to the appropriate HB number
using a chart.
 Maximum specimen thickness as well as indentation position and minimum indentation spacing are
the same as for Rockwell tests.
 Need a smooth flat surface for well-defined indentation to be made.
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6.10.c Knoop and Vikers MicroHardness Tests
 Indenter:
Very small diamond indenter having pyramidal geometry which is forced into the surface of the
specimen.
 Applied loads range from 1 to 1000 g (much smaller than for other tests).
 Resulting impression is observed under a microscope and measured. This measurement is then
converted into a hardness number (see page 14).
 Must prepare surface by grinding and polishing to accurately measure indentation.
 Knoop and Vikers hardness numbers are designated by HK (or KHN) and HV (or VHN),
respectively.
 Both are well suited for measuring the hardness of small, selected specimen regions. Knoob is used
for testing materials such as ceramics.
 Other hardness-testing techniques are frequently employed but will not be discussed.
6.10.d Hardness Conversion
 The tool to convert the hardness measured on one scale to that of another is most desirable. But
there is no comprehensive conversion
scheme.
 Hardness conversion data have been
determined experimentally and found to be
dependent on the material type and
characteristics.
 Most reliable conversion data exist for
steels, some of which are presented in the
figure.
 Detailed conversion tables for various other
metals and alloys are contained in ASTM
Standard E 140.
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6.10.e Correlation between Hardness and Tensile Strength
 Both tensile strength and hardness are indicators of a metal’s resistance to plastic deformation.
They are roughly proportional (see figure).
 Most reliable conversion data exist for steels,
some of which are presented in the figure.
 The same proportionality relation does not hold
for all metal, as indicated.
 As a rule of thumb for most steels, the HB and the
tensile strength are related according:

TS ( MPa ) = 3.45 * HB
TS ( psi ) = 500 * HB

(6.20)

PROPERTY VARIABILITY AND DESIGN/SAFETY FACTORS
6.11 Variability of Material Properties
 Measured materials properties usually will not be absolutely exact quantities. There will always be
some scatter or variability in the data that are collected from test or specimen.
 Test method, variations in specimen fabrication procedures, operator bias (human error), and
apparatus calibration are some of the factors that may lead to uncertainity in measured data.
 Furthermore, inhomogenieties may exist within the same lot of material, and/or slight
compositional differences may exist from lot to lot.
 Such variations will lead to different stress-strain curves; and hence vaiations in modulus of
elasticity, yield strength, tensile strength values. (in addition to properties such as density, electrical
conducivity, coefficient of the thermal conductivity).
 Such scatter and variability must be dealt with from a design prospective. Need some statistical and
propability treatments. What is the probability of some alloy to fail instead of what is the fracture
stregnth???
 In such situation, it is very desirable to specify a typical value such as average of data:
n

x=

∑ xi
i=1

n

(6.21)
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Where n is the number of measurements (or observations) and xi is the value of a discrete
measurement.
 We furthermore can quantify the degree of a dispersion, or scatter of measured data. Standard
deviation s, which is determined using:

⎡ n
2⎤
⎢ ∑ ( xi − x ) ⎥
⎥
s = ⎢ i =1
⎢
⎥
n−1
⎢
⎥
⎣
⎦

1/ 2

(6.22)

A large value of standard deviation correspond s to a high degree of scatter.
See Example 6.6
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6.12 Design/Safety Factors
 Ordinarily load calculation are approximates; there is uncertainties in loads and associated stresses
that are to be used for in-service applications.
 Furthermore, virtually all engineering materials exhibit variability in their measured mechanical
properties. Consequently design allowance must be given to protect unanticipated failure.
 One way (for static situations and when ductile materials are used) is to use:

σd = N′ σc

Where

(6.23)

σ d = design stress;
σ c = calculated (theoretical) stress on the basis of the estimated maximum load;

N’ = design factor > 1
So we choose a material with σ y > = σ d

 Alternatively, a safe stress or working stress is used instead of design stress:

σw =
Where

σy
N

(6.24)

σ w = working stress;
σ y = yield stress;

N = factor of safety >1
(normally between 1.2 and 4)
So we design the component such that the stress level (calculated) equal to σ w .
9 The choice of an appropriate value of N is necessary. If N is too large, then component is
overdesigned (too much material with unneeded strength is used) and vise-versa.
9 Selection of factor of safety value N depends on may factors: economics, previous experience,
accuracy with which mechanical forces and properties were determined, and (most importantly)
the consequences of failure on loss of life and/or property damage.

See Design Example 6.1

CASE STUDY (READING ASSIGNEMENT )
6.13 Materials Selection For a Tortional Deformation..
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