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Force = DV/Dr



Testing Materials



Stress
Engineering Stress

stress ! is defined by the relationship

! "
F
A0

(7.1)

in which F is the instantaneous load applied perpendicular to the specimen cross
section, in units of newtons (N) or pounds force (lbf), and A0 is the original cross-
sectional area before any load is applied (m2 or in.2). The units of engineering
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FIGURE 7.1
(a) Schematic

illustration of how a
tensile load

produces an elongation
and positive linear

strain.
Dashed lines

represent the shape
before deformation;

solid lines, after
deformation. (b)

Schematic illustration
of how a compressive

load produces contrac-
tion and a negative linear

strain. (c)
Schematic

representation of
shear strain ! , where

! " tan #.
(d) Schematic represen-

tation of torsional
deformation (i.e., angle
of twist $) produced by

an applied torque T.

FIGURE 7.2 A
standard tensile

specimen with circular
cross section.
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Tension 
Positive Stress

st ress ! is d eÞn ed b y t h e relat io n sh ip

! "
F

A 0
( 7.1)

in wh ich F is t h e in st an t an eo u s lo ad ap p lied p erp en d icu lar t o t h e sp ecim en cro ss
sect io n , in u n its o f n ewt o n s ( N ) o r p o u n d s fo rce ( lb f ) , an d A 0 is t h e o rigin al cro ss-
sect io n al area b efo re an y lo ad is ap p lied ( m 2 o r in .2) . T h e u n its o f en gin eerin g

150 ! Chapter 7 / Mechanical Proper ties

FIGURE 7.1
( a) Sch em at ic

illu st rat io n o f h o w a
t en sile lo ad

p ro d u ces an elo n gat io n
an d p o sit ive lin ear

st rain .
D ash ed lin es

rep resen t t h e sh ap e
b efo re d efo rm at io n ;

so lid lin es, aft er
d efo rm at io n . ( b )

Sch em at ic illu st rat io n
o f h o w a co m p ressive

lo ad p ro d u ces co n t rac-
t io n an d a n egat ive lin ear

st rain . ( c)
Sch em at ic

rep resen t at io n o f
sh ear st rain ! , wh ere

! " t an #.
( d ) Sch em at ic rep resen -

t at io n o f t o rsio n al
d efo rm at io n ( i.e., an gle
o f twist $ ) p ro d u ced b y

an ap p lied t o rq u e T .

FIGURE 7.2 A
st an d ard t en sile

sp ecim en wit h circu lar
cro ss sect io n .
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Compression 
Negative Stress

stress ! is defined by the relationship

! "
F
A0

(7.1)

in which F is the instantaneous load applied perpendicular to the specimen cross
section, in units of newtons (N) or pounds force (lbf), and A0 is the original cross-
sectional area before any load is applied (m2 or in.2). The units of engineering
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FIGURE 7.1
(a) Schematic

illustration of how a
tensile load

produces an elongation
and positive linear

strain.
Dashed lines

represent the shape
before deformation;

solid lines, after
deformation. (b)

Schematic illustration
of how a compressive

load produces contrac-
tion and a negative linear

strain. (c)
Schematic

representation of
shear strain !, where

! " tan #.
(d) Schematic represen-

tation of torsional
deformation (i.e., angle
of twist $) produced by

an applied torque T.

FIGURE 7.2 A
standard tensile

specimen with circular
cross section.
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Shear 
Stress

stress ! is defined by the relationship

! "
F
A0

(7.1)

in which F is the instantaneous load applied perpendicular to the specimen cross
section, in units of newtons (N) or pounds force (lbf), and A0 is the original cross-
sectional area before any load is applied (m2 or in.2). The units of engineering
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Rotational  
Stress



Typical Sample

st ress ! is d eÞn ed b y t h e relat io n sh ip

! "
F

A 0
( 7.1)

in wh ich F is t h e in st an t an eo u s lo ad ap p lied p erp en d icu lar t o t h e sp ecim en cro ss
sect io n , in u n its o f n ewt o n s ( N ) o r p o u n d s fo rce ( lb f ) , an d A 0 is t h e o rigin al cro ss-
sect io n al area b efo re an y lo ad is ap p lied ( m 2 o r in .2) . T h e u n its o f en gin eerin g

150 ! Chapter 7 / Mechanical Proper ties

FIGURE 7.1
( a) Sch em at ic

illu st rat io n o f h o w a
t en sile lo ad

p ro d u ces an elo n gat io n
an d p o sit ive lin ear

st rain .
D ash ed lin es

rep resen t t h e sh ap e
b efo re d efo rm at io n ;

so lid lin es, aft er
d efo rm at io n . ( b )

Sch em at ic illu st rat io n
o f h o w a co m p ressive

lo ad p ro d u ces co n t rac-
t io n an d a n egat ive lin ear

st rain . ( c)
Sch em at ic

rep resen t at io n o f
sh ear st rain ! , wh ere

! " t an #.
( d ) Sch em at ic rep resen -

t at io n o f t o rsio n al
d efo rm at io n ( i.e., an gle
o f twist $ ) p ro d u ced b y

an ap p lied t o rq u e T .

FIGURE 7.2 A
st an d ard t en sile

sp ecim en wit h circu lar
cro ss sect io n .

2"
Gauge length

Reduced section

2   "

Diameter"

"

1
4

3
4

Radius
3
8

0.505" Diameter

T

T

F

F

F

F

F

F

F

A0

A0

A0

(a ) ( b )

(c) (d )

!

!

l 0 l 0
l l



Strain 
The measurement



Elastic Modulus



Hooke’s Law

𝛔 is stress 
𝜺 is strain 

E is the Young’s Modulus

7.3 Stress–Strain Behavior ● 155

7.6); hence, it is not possible to determine a modulus of elasticity as described
above. For this nonlinear behavior, either tangent or secant modulus is normally
used. Tangent modulus is taken as the slope of the stress–strain curve at some
specified level of stress, while secant modulus represents the slope of a secant drawn
from the origin to some given point of the !–" curve. The determination of these
moduli is illustrated in Figure 7.6.

On an atomic scale, macroscopic elastic strain is manifested as small changes
in the interatomic spacing and the stretching of interatomic bonds. As a conse-
quence, the magnitude of the modulus of elasticity is a measure of the resistance
to separation of adjacent atoms/ions/molecules, that is, the interatomic bonding
forces. Furthermore, this modulus is proportional to the slope of the interatomic
force–separation curve (Figure 2.8a) at the equilibrium spacing:

E ! !dF
dr "r0

(7.6)

Figure 7.7 shows the force–separation curves for materials having both strong and
weak interatomic bonds; the slope at r0 is indicated for each.
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FIGURE 7.5 Schematic stress–strain diagram showing linear
elastic deformation for loading and unloading cycles.

FIGURE 7.6 Schematic
stress–strain diagram showing
nonlinear elastic behavior, and
how secant and tangent moduli
are determined.
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p lo t ( F igu re 7.5) , ap p licat io n o f t h e lo ad co rresp o n d s t o m o vin g fro m t h e o rigin u p
an d alo n g t h e st raigh t lin e. U p o n release o f t h e lo ad , t h e lin e is t raversed in t h e
o p p o sit e d irect io n , b ack t o t h e o rigin .

T h ere are so m e m at erials ( e.g., gray cast iro n , co n cret e, an d m an y p o lym ers)
fo r wh ich t h is in it ia l elast ic p o rt io n o f t h e st ressÐst rain cu rve is n o t lin ear ( F igu re
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Table 7.1 Room-Temperatur e Elastic and Shear Modul i , and
PoissonÕs Ratio for Var ious Mater ials

Modulus of
Elasticity Shear Modulus PoissonÕs

GPaMater ial GPa 106 psi106 psi Ratio

Metal A lloys
160T u n gst en 59 0.2823.2407
83St eel 0.30207 12.030
76207 0.3130 11.0N ick el
4515.5 6.5107 0.34T it an iu m
4616110C o p p er 6.7 0.34
37 0.3414 5.4B rass 97
25 0.331069 3.6A lu m in u m
17M agn esiu m 2.545 6.5 0.35

Ceramic Mater ials
A lu m in u m o xid e ( A l2O 3) 393 57 Ñ Ñ 0.22
Silico n carb id e ( SiC ) 345 50 Ñ Ñ 0.17
Silico n n it r id e ( Si3N 4) 304 44 Ñ Ñ 0.30
Sp in el ( M gA l2O 4) 260 38 Ñ Ñ Ñ
M agn esiu m o xid e ( M gO ) 225 33 Ñ Ñ 0.18
Z irco n ia a 205 30 Ñ Ñ 0.31
M u llit e ( 3A l2O 3-2SiO 2) 145 21 Ñ Ñ 0.24
G lassÐceram ic ( P yro ceram ) 120 17 Ñ Ñ 0.25
F u sed silica ( SiO 2) 73 11 Ñ Ñ 0.17
So d a Ðlim e glass 69 10 Ñ Ñ 0.23

Polymersb

P h en o l-fo rm ald eh yd e 2.76Ð4.83 0.40Ð0.70 Ñ Ñ Ñ
P o lyvin yl ch lo rid e ( P V C ) 2.41Ð4.14 0.35Ð0.60 Ñ Ñ 0.38
P o lyest er ( P E T ) 2.76Ð4.14 0.40Ð0.60 Ñ Ñ Ñ
P o lystyren e ( P S) 2.28Ð3.28 0.33Ð0.48 Ñ Ñ 0.33
P o lym et h yl m et h acrylat e 2.24Ð3.24 0.33Ð0.47 Ñ Ñ Ñ

( P M M A )
P o lycarb o n at e ( P C ) 2.38 0.35 Ñ Ñ 0.36
N ylo n 6,6 1.58Ð3.80 0.23Ð0.55 Ñ Ñ 0.39
P o lyp ro p ylen e ( P P ) 1.14Ð1.55 0.17Ð0.23 Ñ Ñ Ñ
P o lyet h ylen e Ñ h igh d en sity 1.08 0.16 Ñ Ñ Ñ

( H D P E )
P o lyt et raßu o ro et h ylen e 0.40Ð0.55 0.058Ð0.080 Ñ Ñ 0.46

( P T F E )
P o lyet h ylen e Ñ lo w d en sity 0.17Ð0.28 0.025Ð0.041 Ñ Ñ Ñ

( L D P E )

a P art ially st ab ilized wit h 3 m o l% Y 2O 3.
b Source: M o d ern P lastics E n cyclo p ed ia Õ96. C o p yrigh t 1995, T h e M cG raw-H ill C o m p a-
n ies. R ep rin t ed wit h p erm issio n .

Differences between  
the Young’s Modulus of 

different materials 
are direct results of the  

type of bonding



Revisiting 
Torsional and Shear

𝜏 is the shear stress 
G is the shear modulus 

!  is tan(θ)

stress ! is defined by the relationship

! "
F
A0

(7.1)

in which F is the instantaneous load applied perpendicular to the specimen cross
section, in units of newtons (N) or pounds force (lbf), and A0 is the original cross-
sectional area before any load is applied (m2 or in.2). The units of engineering
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Example
A piece of copper originally 305 mm long is pulled in tension with 
a stress of 276 MPa. If the deformation is entirely elastic, what will 
be the resultant elongation?

SOLUTION 
Since the deformation is elastic, strain is dependent on stress according to Equation. 

!
Furthermore, the elongation l is related to the original length l0 through 

!
!
!
Combining these two expressions. 

l0



there will be constrictions in the lateral (x and y) directions perpendicular to the
applied stress; from these contractions, the compressive strains !x and !y may be
determined. If the applied stress is uniaxial (only in the z direction), and the material
is isotropic, then !x " !y . A parameter termed PoissonÕs ratio # is defined as the
ratio of the lateral and axial strains, or

# " $
!x
!z

" $
!y
!z

(7.8)

The negative sign is included in the expression so that # will always be positive,
since !x and !z will always be of opposite sign. Theoretically, Poisson’s ratio for
isotropic materials should be !"; furthermore, the maximum value for # (or that
value for which there is no net volume change) is 0.50. For many metals and other
alloys, values of Poisson’s ratio range between 0.25 and 0.35. Table 7.1 shows #
values for several common materials; a more comprehensive list is given in Table
B.3, Appendix B.

For isotropic materials, shear and elastic moduli are related to each other and
to Poisson’s ratio according to

E " 2G(1 % #) (7.9)

In most metals G is about 0.4E; thus, if the value of one modulus is known, the
other may be approximated.

Many materials are elastically anisotropic; that is, the elastic behavior (e.g., the
magnitude of E) varies with crystallographic direction (see Table 3.7). For these
materials the elastic properties are completely characterized only by the specification
of several elastic constants, their number depending on characteristics of the crystal
structure. Even for isotropic materials, for complete characterization of the elastic
properties, at least two constants must be given. Since the grain orientation is
random in most polycrystalline materials, these may be considered to be isotropic;
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FIGURE 7.9 Axial (z) elongation
(positive strain) and lateral (x and y)
contractions (negative strains) in
response to an imposed tensile stress.
Solid lines represent dimensions after
stress application; dashed lines, before.
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Example
A tensile stress is to be applied along the long axis of a cylindrical brass 
rod that has a diameter of 10 mm.  Determine the magnitude of the load 
required to produce a 2.5 x 10-3 mm change in diameter if the 
deformation is entirely elastic. The PoissonÕs ratio for brass is 0.34.
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in o rgan ic ceram ic glassesare also iso t ro p ic. T h e rem ain in g d iscu ssio n o f m ech an ical
b eh avio r assu m esiso t ro p y an d p o lycryst allin ity ( fo r m et alsan d cryst allin e ceram ics)
b ecau se su ch is t h e ch aract er o f m o st en gin eerin g m at erials.

EXAMPLE PROBLEM 7.2

A t en sile st ress is t o b e ap p lied alo n g t h e lo n g axis o f a cylin d rical b rass ro d
t h at h as a d iam et er o f 10 m m ( 0.4 in .) . D et erm in e t h e m agn it u d e o f t h e lo ad
req u ired t o p ro d u ce a 2.5 ! 10" 3 m m ( 10" 4 in .) ch an ge in d iam et er if t h e
d efo rm at io n is en t irely elast ic.

SO L U T I O N

T h is d efo rm at io n sit u at io n is rep resen t ed in t h e acco m p an yin g d rawin g.

W h en t h e fo rce F is ap p lied , t h e sp ecim en will elo n gat e in t h e z d irect io n an d
at t h e sam e t im e exp erien ce a red u ct io n in d iam et er, # d , o f 2.5 ! 10" 3 m m in
t h e x d irect io n . F o r t h e st rain in t h e x d irect io n ,

$x %
# d
d 0

%
" 2.5 ! 10" 3 m m

10 m m
% " 2.5 ! 10" 4

wh ich is n egat ive, sin ce t h e d iam et er is red u ced .
I t n ext b eco m es n ecessary t o calcu lat e t h e st rain in t h e z d irect io n u sin g

E q u at io n 7.8. T h e valu e fo r P o isso n Õsrat io fo r b rass is0.34 ( T ab le 7.1) , an d t h u s

$z % "
$x

&
% "

( " 2.5 ! 10" 4)
0.34

% 7.35 ! 10" 4

T h e ap p lied st ress m ay n o w b e co m p u t ed u sin g E q u at io n 7.5 an d t h e m o d u lu s
o f elast icity, given in T ab le 7.1 as 97 G P a ( 14 ! 106 p si) , as

' % $z E % ( 7.35 ! 10" 4) ( 97 ! 103 M P a) % 71.3 M P a

z

F

F

x

d 0

d i

l 0l i

$z
# l
l 0

l i  "  l 0

l 0
=

$x
#d
d 0

d i  "  d 0

d 0
=

=

=

Solution 

When the force F is applied, the specimen will elongate in the z 
direction and at the same time experience a reduction in diameter, !d, 
of 2.5 x 10-3 mm in the x direction. For the strain in the x direction,

Which is negative, since the diameter is reduced.   
It next becomes necessary to calculate the strain in the z direction using 

We can calculate the applied stress using

Finally


