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Elastic Deformation
Most metals can only obey hook’s law for  

Strains up to 0.005

Finally, from Equation 7.1, the applied force may be determined as

F ! "A0 ! "!d0

2"
2

!

! (71.3 # 106 N/m2)!10 # 10$3 m
2 "2

! ! 5600 N (1293 lbf)

M E C H A N I C A L B E H A V I O R Ñ M E T A L S

For most metallic materials, elastic deformation persists only to strains of about
0.005. As the material is deformed beyond this point, the stress is no longer
proportional to strain (Hooke’s law, Equation 7.5, ceases to be valid), and
permanent, nonrecoverable, or plastic deformation occurs. Figure 7.10a plots
schematically the tensile stress–strain behavior into the plastic region for a
typical metal. The transition from elastic to plastic is a gradual one for most
metals; some curvature results at the onset of plastic deformation, which increases
more rapidly with rising stress.

From an atomic perspective, 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 positions. This permanent deforma-
tion for metals is accomplished by means of a process called slip, which involves
the motion of dislocations as discussed in Section 8.3.

7.6 TENSILE PROPERTIES

YIELDING AND YIELD STRENGTH
Most structures are designed to ensure that only elastic deformation will result
when a stress is applied. It is therefore desirable to know the stress level at which
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Nearly all engineering 
is performed in the elastic 

region
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This is the yield point 
it is at the transition from 

elastic to plastic 
also known as 

“the limit of proportionality”



Yield strength at offset
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schematically the tensile stress–strain behavior into the plastic region for a
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of bonds with original atom neighbors and then reforming bonds with new neighbors
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tion for metals is accomplished by means of a process called slip, which involves
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It is often difficult to define  
the exact yield point due to 

a slow transition between the 
two regions

It is common to define an 
offset Strain, from this offset 
a line parallel to the initial  

Young’s Modulus is drawn. 
The intercept of the “strain line” 

with the Stress/ Strain curve 
defines the Yield Strength



Yield Point Phenomenon
The yield point phenomenon, which refers to a characteristic yielding pattern shown, 
is considered to occur due to the segregation of solute atoms around dislocations. 
There is a natural impetus for this action to occur because it results in reducing the 
strain energy associated with the distorted atomic arrangement around a dislocation. 
It is believed that the yield point phenomena in iron and low carbon steels occur due 
to the segregation of impurity atoms carbon and/or nitrogen. These impurity solute 
atoms pin down or anchor the dislocations. Thus, deformation in this case requires an 
additional stress so as to free the dislocations from their anchored atmospheres. The 
increased stress required to set dislocations in motion, which is needed for plastic 
deformation, accounts for the upper yield point. Once dislocations have been freed 
from their atmospheres, the stress needed for their motion drops abruptly. It is this 
lowered stress that accounts for the lower yield point. The minor fluctuations in stress 
during the lower yield region arise because of the interaction of moving dislocations 
with the impurity solute atoms in their paths.

Finally, from Equation 7.1, the applied force may be determined as

F ! "A0 ! "!d0

2"
2

!

! (71.3 # 106 N/m2)!10 # 10$3 m
2 "2

! ! 5600 N (1293 lbf)

MECHAN I CAL B EHAV IOR—METAL S
For most metallic materials, elastic deformation persists only to strains of about
0.005. As the material is deformed beyond this point, the stress is no longer
proportional to strain (HookeÕs law, Equation 7.5, ceases to be valid), and
permanent, nonrecoverable, or plastic deformation occurs. Figure 7.10a plots
schematically the tensile stressÐstrain behavior into the plastic region for a
typical metal. The transition from elastic to plastic is a gradual one for most
metals; some curvature results at the onset of plastic deformation, which increases
more rapidly with rising stress.

From an atomic perspective, plastic deformation corresponds to the breaking
of bondswith original atom neighborsand then reformingbondswith new neighbors
aslarge numbersof atomsor moleculesmove relative to one another; upon removal
of the stress they do not return to their original positions. Thispermanent deforma-
tion for metals is accomplished by means of a process called slip, which involves
the motion of dislocations as discussed in Section 8.3.

7.6 TENSILE PROPERTIES

YIELDING AND YIELD STRENGTH
Most structures are designed to ensure that only elastic deformation will result
when a stress is applied. It is therefore desirable to know the stress level at which
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What happens next

ap p lied , o ft en a st ru ct u re h as exp erien ced so m u ch p last ic d efo rm at io n t h at it is
u seless. F u rt h erm o re, fract u re st ren gt h s are n o t n o rm ally sp eciÞed fo r en gin eerin g
d esign p u rp o ses.

EXAMPLE PROBLEM 7.3

F ro m t h e t en sile st ressÐst rain b eh avio r fo r t h e b rass sp ecim en sh o wn in F igu re
7.12, d et erm in e t h e fo llo win g:

(a) T h e m o d u lu s o f elast icity.

(b) T h e yield st ren gt h at a st rain o ffset o f 0.002.

(c) T h e m axim u m lo ad t h at can b e su st ain ed b y a cylin d rical sp ecim en h avin g
an o rigin al d iam et er o f 12.8 m m ( 0.505 in .) .

(d) T h e ch an ge in len gt h o f a sp ecim en o rigin ally 250 m m ( 10 in .) lo n g t h at is
su b ject ed t o a t en sile st ress o f 345 M P a ( 50,000 p si) .

SO L U T I O N

(a) T h e m o d u lu s o f elast icity is t h e slo p e o f t h e elast ic o r in it ia l lin ear p o rt io n
o f t h e st ressÐst rain cu rve. T h e st rain axish asb een exp an d ed in t h e in set , F igu re
7.12, t o facilit a t e t h is co m p u t at io n . T h e slo p e o f t h is lin ear regio n is t h e rise
o ver t h e ru n , o r t h e ch an ge in st ress d ivid ed b y t h e co rresp o n d in g ch an ge in
st rain ; in m at h em at ical t erm s,

E ! slo p e !
" #
"$

!
#2 % #1

$2 % $1
( 7.10)

I n asm u ch as t h e lin e segm en t p asses t h ro u gh t h e o rigin , it is co n ven ien t t o t ak e
b o t h #1 an d $1 as zero . I f #2 is arb it rarily t ak en as 150 M P a, t h en $2 will h ave
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Problem7.6 Tensile Properties ! 163

a valu e o f 0.0016. T h erefo re,

E !
( 150 " 0) M P a

0.0016 " 0
! 93.8 G P a ( 13.6 # 106 p si)

wh ich is very clo se t o t h e valu e o f 97 G P a ( 14 # 106 p si) given fo r b rass in
T ab le 7.1.

(b) T h e 0.002 st rain o ffset lin e is co n st ru ct ed assh o wn in t h e in set ; it s in t ersec-
t io n wit h t h e st ressÐst rain cu rve is at ap p ro xim at ely 250 M P a ( 36,000 p si) ,
wh ich is t h e yield st ren gt h o f t h e b rass.

(c) T h e m axim u m lo ad t h at can b e su st ain ed b y t h e sp ecim en is calcu lat ed b y
u sin g E q u at io n 7.1, in wh ich $ is t ak en t o b e t h e t en sile st ren gt h , fro m F igu re
7.12, 450 M P a ( 65,000 p si) . So lvin g fo r F, t h e m axim u m lo ad , yield s

F ! $A0 ! $!d0

2"
2

!

! ( 450 # 106 N /m 2) !12.8 # 10"3 m
2 "2

! ! 57,900 N ( 13,000 lb f )

(d) T o co m p u t e t h e ch an ge in len gt h , %l, in E q u at io n 7.2, it is Þrst n ecessary
t o d et erm in e t h e st rain t h at is p ro d u ced b y a st ress o f 345 M P a. T h is is acco m -
p lish ed b y lo cat in g t h e st ress p o in t o n t h e st ressÐst rain cu rve, p o in t A, an d
read in g t h e co rresp o n d in g st rain fro m t h e st rain axis, wh ich is ap p ro xim at ely
0.06. I n asm u ch as l0 ! 250 m m , we h ave

%l ! &l0 ! ( 0.06) ( 250 m m ) ! 15 m m ( 0.6 in .)
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FIGURE 7.12 T h e st ressÐst rain b eh avio r fo r t h e b rass sp ecim en d iscu ssed in
E xam p le P ro b lem 7.3.

Calculate 
The modulus of 

elasticity
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Passing through the origin
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The maximum load that!
can be sustained by a!

cylindrical specimen having an !
original diamater of 12.8 mm

Max Stress

57000 N
The change in length !

of a specimen 250 mm long!
subjected to a stress of 345 MPa

345 MPa has a strain of 0.06



Ductility
The measure of the amount of plastic 

deformation that has been sustained at fracture.

DUCTILITY
Ductility is another important mechanical property. It is a measure of the degree
of plastic deformation that has been sustained at fracture. A material that experi-
ences very little or no plastic deformation upon fracture is termed brittle. The
tensile stress–strain behaviors for both ductile and brittlematerials are schematically
illustrated in Figure 7.13.

Ductility may be expressed quantitatively as either percent elongation or percent
reduction in area. The percent elongation %EL is the percentage of plastic strain
at fracture, or

%EL ! !lf " l0
l0

"# 100 (7.11)

where lf is the fracture length10 and l0 is the original gauge length as above. Inasmuch
as a significant proportion of the plastic deformation at fracture is confined to the
neck region, the magnitude of %EL will depend on specimen gauge length. The
shorter l0 , the greater is the fraction of total elongation from the neck and, conse-
quently, the higher the value of %EL. Therefore, l0 should be specified when percent
elongation values are cited; it is commonly 50 mm (2 in.).

Percent reduction in area %RA is defined as

%RA ! !A0 " Af

A0
"# 100 (7.12)

where A0 is the original cross-sectional area and Af is the cross-sectional area at
the point of fracture.10 Percent reduction in area values are independent of both
l0 and A0 . Furthermore, for a given material the magnitudes of %EL and %RA
will, in general, be different. Most metals possess at least a moderate degree of
ductility at room temperature; however, some become brittle as the temperature
is lowered (Section 9.8).

A knowledge of the ductility of materials is important for at least two reasons.
First, it indicates to a designer the degree to which a structure will deform plastically
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FIGURE 7.13 Schematic representations of
tensile stress–strain behavior for brittle and
ductile materials loaded to fracture.

10 Both lf and Af are measured subsequent to fracture, and after the two broken ends have
been repositioned back together.

Ductility can be measure in 
a few ways

A material is considered brittle if it has a %EL of < 5 



Resilience

valu es o f yield stren gt h , t en sile stren gt h , an d d u ct ility fo r several co m m o n m et als
( an d also fo r a n u m b er o f p o lym ers an d ceram ics) . T h ese p ro p ert ies are sen sit ive
t o an y p rio r d efo rm at io n , t h e p resen ce o f im p u rit ies, an d /o r an y h eat treat m en t t o
wh ich t h e m et al h as b een su b ject ed . T h e m o d u lu s o f elast icity is o n e m ech an ical
p aram et er t h at is in sen sit ive t o t h ese treat m en ts. A s wit h m o d u lu s o f elast icity, t h e
m agn it u d es o f b o t h yield an d t en sile stren gt h s d eclin e wit h in creasin g t em p erat u re ;
ju st t h e reverse h o ld s fo r d u ct ility—it u su ally in creases wit h t em p erat u re . F igu re
7.14 sh o ws h o w t h e stress–strain b eh avio r o f iro n varies wit h t em p erat u re .

RESILIENCE
Resilience is t h e cap acity o f a m at erial t o ab so rb en ergy wh en it is d efo rm ed
elast ically an d t h en , u p o n u n lo ad in g, t o h ave t h is en ergy reco vered . T h e asso ciat ed
p ro p erty is t h e m o d u lu s o f resilien ce, U r , wh ich is t h e strain en ergy p er u n it vo lu m e
req u ired t o stress a m at erial fro m an u n lo ad ed st a t e u p t o t h e p o in t o f yield in g.

C o m p u t at io n ally, t h e m o d u lu s o f resilien ce fo r a sp ecim en su b ject ed t o a u n i-
axial t en sio n t est is ju st t h e area u n d er t h e en gin eerin g stress–strain cu rve t ak en
t o yield in g ( F igu re 7.15) , o r

U r ! !"y

0
# d " ( 7.13a)
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Modulus of resilience

Resilient materials have high yield strength 
and low modulus of elasticity.

Resilience is the materials ability to absorb energy when 
deformed elastically and release it upon unloading



Toughness
several definitions of toughness

Fracture toughness: A samples resilience to fracture when a 
crack in the material occurs. 

A better definition is the amount of energy a materials can 
absorb (after plastic deformation) before fracture.

In this definition Toughness will have the same units 
as Resilience



Questions on Material Properties

Material
Yield 

Strength!
(MPa)

Tensile 
Strength 

(MPa)

Strain at 
Facture

Fracture 
Strength!

(MPa)

Elastic 
Modulus 

(MPa)

A 310 340 0.23 265 210

B 100 120 0.4 105 150

C 415 550 0.15 500 310

D 700 850 0.14 720 210

E Fractures Before Yielding 650 350

Which will experience the greatest % reduction in area? Why? 
Which is the strongest? Why? 
Which is the stiffest? Why?



Key points
• Ductility 

• Resilience 

• Toughness 

• Yield Strength 

• Tensile Strength

• Strain at fracture 

• Facture Strength 

• Elastic Modulus 

• Yield strength at 
offset



True Stress and Strain

DUCTILITY
Ductility is another important mechanical property. It is a measure of the degree
of plastic deformation that has been sustained at fracture. A material that experi-
ences very little or no plastic deformation upon fracture is termed brittle. The
tensile stress–strain behaviors for both ductile and brittlematerials are schematically
illustrated in Figure 7.13.

Ductility may be expressed quantitatively as either percent elongation or percent
reduction in area. The percent elongation %EL is the percentage of plastic strain
at fracture, or

%EL ! !lf " l0
l0

"# 100 (7.11)

where lf is the fracture length10 and l0 is the original gauge length as above. Inasmuch
as a significant proportion of the plastic deformation at fracture is confined to the
neck region, the magnitude of %EL will depend on specimen gauge length. The
shorter l0 , the greater is the fraction of total elongation from the neck and, conse-
quently, the higher the value of %EL. Therefore, l0 should be specified when percent
elongation values are cited; it is commonly 50 mm (2 in.).

Percent reduction in area %RA is defined as

%RA ! !A0 " Af

A0
"# 100 (7.12)

where A0 is the original cross-sectional area and Af is the cross-sectional area at
the point of fracture.10 Percent reduction in area values are independent of both
l0 and A0 . Furthermore, for a given material the magnitudes of %EL and %RA
will, in general, be different. Most metals possess at least a moderate degree of
ductility at room temperature; however, some become brittle as the temperature
is lowered (Section 9.8).

A knowledge of the ductility of materials is important for at least two reasons.
First, it indicates to a designer the degree to which a structure will deform plastically
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FIGURE 7.13 Schematic representations of
tensile stress–strain behavior for brittle and
ductile materials loaded to fracture.

10 Both lf and Af are measured subsequent to fracture, and after the two broken ends have
been repositioned back together.

Does this reduction 
imply the material is 

getting weaker



Ai o ver wh ich d efo rm at io n is o ccu rrin g ( i.e., t h e n eck , p ast t h e t en sile p o in t ) , o r

!T "
F
Ai

( 7.15)

F u rt h erm o re, it is o ccasio n ally m o re co n ven ien t t o rep resen t st rain as true
strain #T , d eÞn ed b y

#T " ln
li
l0

( 7.16)

I f n o vo lu m e ch an ge o ccu rs d u rin g d efo rm at io n , t h at is, if

Ai l i " A0l0 ( 7.17)

t ru e an d en gin eerin g st ress an d st rain are relat ed acco rd in g t o

!T " ! ( 1 $ #) ( 7.18a)

#T " ln ( 1 $ #) ( 7.18b )

E q u at io n s 7.18a an d 7.18b are valid o n ly t o t h e o n set o f n eck in g; b eyo n d t h is p o in t
t ru e st ress an d st rain sh o u ld b e co m p u t ed fro m act u al lo ad , cro ss-sect io n al area,
an d gau ge len gt h m easu rem en ts.

A sch em at ic co m p ariso n o f en gin eerin g an d t ru e st ressÐst rain b eh avio r ism ad e
in F igu re 7.16. I t is wo rt h n o t in g t h at t h e t ru e st ress n ecessary t o su st ain in creasin g
st rain co n t in u es t o rise p ast t h e t en sile p o in t M%.

C o in cid en t wit h t h e fo rm at io n o f a n eck is t h e in t ro d u ct io n o f a co m p lex st ress
st at e wit h in t h e n eck regio n ( i.e., t h e exist en ce o f o t h er st ressco m p o n en tsin ad d it io n
t o t h e axial st ress) . A s a co n seq u en ce, t h e co rrect st ress (axial ) wit h in t h e n eck is
sligh t ly lo wer t h an t h e st ress co m p u t ed fro m t h e ap p lied lo ad an d n eck cro ss-
sect io n al area. T h is lead s t o t h e ÔÔco rrect ed ÕÕcu rve in F igu re 7.16.

F o r so m e m et als an d allo ys t h e regio n o f t h e t ru e st ress-st rain cu rve fro m
t h e o n set o f p last ic d efo rm at io n t o t h e p o in t at wh ich n eck in g b egin s m ay b e
ap p ro xim at ed b y

!T " K#n
T ( 7.19)
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FIGURE 7.16 A co m p ariso n o f typ ical
t en sile en gin eerin g st ressÐst rain an d
t ru e st ressÐst rain b eh avio rs. N eck in g
b egin s at p o in t M o n t h e en gin eerin g
cu rve, wh ich co rresp o n d s t o M% o n t h e
t ru e cu rve. T h e ÔÔco rrect ed ÕÕt ru e
st ressÐst rain cu rve t ak es in t o acco u n t
t h e co m p lex st ress st at e wit h in t h e
n eck regio n .ap p lied , o ft en a st ru ct u re h as exp erien ced so m u ch p last ic d efo rm at io n t h at it is

u seless. F u rt h erm o re, fract u re st ren gt h s are n o t n o rm ally sp eciÞed fo r en gin eerin g
d esign p u rp o ses.

EXAMPLE PROBLEM 7.3

F ro m t h e t en sile st ressÐst rain b eh avio r fo r t h e b rass sp ecim en sh o wn in F igu re
7.12, d et erm in e t h e fo llo win g:

(a) T h e m o d u lu s o f elast icity.

(b) T h e yield st ren gt h at a st rain o ffset o f 0.002.

(c) T h e m axim u m lo ad t h at can b e su st ain ed b y a cylin d rical sp ecim en h avin g
an o rigin al d iam et er o f 12.8 m m ( 0.505 in .) .

(d) T h e ch an ge in len gt h o f a sp ecim en o rigin ally 250 m m ( 10 in .) lo n g t h at is
su b ject ed t o a t en sile st ress o f 345 M P a ( 50,000 p si) .

SO L U T I O N

(a) T h e m o d u lu s o f elast icity is t h e slo p e o f t h e elast ic o r in it ia l lin ear p o rt io n
o f t h e st ressÐst rain cu rve. T h e st rain axish asb een exp an d ed in t h e in set , F igu re
7.12, t o facilit a t e t h is co m p u t at io n . T h e slo p e o f t h is lin ear regio n is t h e rise
o ver t h e ru n , o r t h e ch an ge in st ress d ivid ed b y t h e co rresp o n d in g ch an ge in
st rain ; in m at h em at ical t erm s,

E ! slo p e !
" #
"$

!
#2 % #1

$2 % $1
( 7.10)

I n asm u ch as t h e lin e segm en t p asses t h ro u gh t h e o rigin , it is co n ven ien t t o t ak e
b o t h #1 an d $1 as zero . I f #2 is arb it rarily t ak en as 150 M P a, t h en $2 will h ave
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FIGURE 7.11
T yp ical en gin eerin g

st ressÐst rain b eh avio r t o
fract u re, p o in t F . T h e
t en sile st ren gt h T S is
in d icat ed at p o in t M .

T h e circu lar in sets
rep resen t t h e geo m et ry

o f t h e d efo rm ed
sp ecim en at vario u s

p o in ts alo n g t h e cu rve.


