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CHAPTER 8

DEFORMATION AND STRENGTHENING MECHANISMS OF MATERIALS

PROBLEM SOLUTIONS

Basic Concepts Characteristics of Dislocations

8.1 To provide some perspective on the dimensions of atomic
defects, consider a metal specimen that has

a dislocation density of 104 mm2. Suppose that all the
dislocations in 1000 mm3 (1 cm3) were somehow removed

and linked end to end. How far would this chain extend? Now
suppose that the density is increased to 109 mm2 by

cold working. What would be the chain length of dislocations in
1000 mm3 of material?

Solution

The dislocation density is just the total dislocation length per
unit volume of material (in this case per cubic

millimeters). Thus, the total length in 1000 mm3 of material
having a density of 104 mm2 is just

4 2 3 7 410 mm 1000 mm = 10 mm = 10 m = 100 km( )( )

Similarly, for a dislocation density of 109 mm2, the total
length is

9 2 3 12 9 710 mm 1000 mm = 10 mm = 10 m = 10 km( )( )
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8.2 Consider two edge dislocations of opposite sign and having
slip planes that are separated by several

atomic distances as indicated in the diagram. Briefly describe
the defect that results when these two dislocations

become aligned with each other.

Solution

When the two edge dislocations become aligned, a planar region
of vacancies will exist between the

dislocations as:
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Slip Systems

8.3 (a) Compare planar densities (Section 3.15 and Problem W3.46
[which appears on the books Web

site]) for the (100), (110), and (111) planes for FCC.

(b) Compare planar densities (Problem 3.44) for the (100),
(110), and (111) planes for BCC.

Solution

(a) For the FCC crystal structure, the planar density for the
(110) plane is given in Equation 3.12 as

110 2 21 0.177PD (FCC)

4 2R R= =

Furthermore, the planar densities of the (100) and (111) planes
are calculated in Homework Problem

W3.46, which are as follows:

100 2 21 0.25PD (FCC) =

4 R R=

111 2 21 0.29PD (FCC)

2 3R R= =

(b) For the BCC crystal structure, the planar densities of the
(100) and (110) planes were determined in

Homework Problem 3.44, which are as follows:

100 2 23 0.19PD (BCC) =

16R R=

110 2 23 0.27PD (BCC)

8 2R R= =

Below is a BCC unit cell, within which is shown a (111)
plane.
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(a)

The centers of the three corner atoms, denoted by A, B, and C
lie on this plane. Furthermore, the (111) plane does

not pass through the center of atom D, which is located at the
unit cell center. The atomic packing of this plane is

presented in the following figure; the corresponding atom
positions from the Figure (a) are also noted.

(b)

Inasmuch as this plane does not pass through the center of atom
D, it is not included in the atom count. One sixth of

each of the three atoms labeled A, B, and C is associated with
this plane, which gives an equivalence of one-half

atom.

In Figure (b) the triangle with A, B, and C at its corners is an
equilateral triangle. And, from Figure (b),

the area of this triangle is 2xy . The triangle edge length, x,
is equal to the length of a face diagonal, as indicated in

Figure (a). And its length is related to the unit cell edge
length, a, as
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2 2 2 22x a a a= + =

or 2x a=

For BCC, 43Ra = (Equation 3.3), and, therefore,

4 2

3R

x =

Also, from Figure (b), with respect to the length y we may
write

2

2 22xy x + =

which leads to 3

2x

y = . And, substitution for the above expression for x
yields

3 3 4 24 2

2 2 23x RRy

= = =

Thus, the area of this triangle is equal to

24 2 4 21 1 8AREA

2 2 23 3R R Rx y

= = =

And, finally, the planar density for this (111) plane is

111 2 2 230.5 atom 0.11PD (BCC)

8 163

R R R= = =
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8.4 One slip system for the BCC crystal structure is { }110 111
. In a manner similar to Figure 8.6b, sketch a {110}-type plane for
the BCC structure, representing atom positions with circles. Now,
using arrows, indicate two different 111 slip directions within
this plane.

Solution

Below is shown the atomic packing for a BCC {110}-type plane.
The arrows indicate two different 111

type directions.
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8.5 Equations 8.1a and 8.1b, expressions for Burgers vectors for
FCC and BCC crystal structures, are of

the form

2

= a uvwb

where a is the unit cell edge length. Also, since the magnitudes
of these Burgers vectors may be determined from

the following equation:

( )1/ 22 2 2 2= + +a u v wb (8.13)

determine values of |b| for copper and iron. You may want to
consult Equations 3.1 and 3.3 as well as Table 3.1.

Solution

For Cu, which has an FCC crystal structure, R = 0.1278 nm (Table
3.1) and a = 2 2R = 0.3615 nm

(Equation 3.1); also, from Equation 8.1a, the Burgers vector for
FCC metals is

1102a= b

Therefore, the values for u, v, and w in Equation 8.13 are 1, 1,
and 0, respectively. Hence, the magnitude of the

Burgers vector for Cu is

2 2 2 =

2a u v w+ +b

2 2 2

0.3615 nm= (1) (1) (0) = 0.2556 nm2

+ +

For Fe which has a BCC crystal structure, R = 0.1241 nm (Table
3.1) and 43Ra = = 0.2866 nm

(Equation 3.3); also, from Equation 8.1b, the Burgers vector for
BCC metals is

1112a= b
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Therefore, the values for u, v, and w in Equation 8.13 are 1, 1,
and 1, respectively. Hence, the magnitude of the

Burgers vector for Fe is

2 2 20.2866 nm = (1) (1) (1) = 0.2482 nm

2+ +b
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Slip in Single Crystals

8.6 Consider a metal single crystal oriented such that the
normal to the slip plane and the slip direction

are at angles of 60 and 35, respectively, with the tensile axis.
If the critical resolved shear stress is 6.2 MPa, will

an applied stress of 12 MPa cause the single crystal to yield?
If not, what stress will be necessary?

Solution

This problem calls for us to determine whether or not a metal
single crystal having a specific orientation

and of given critical resolved shear stress will yield. We are
given that = 60, = 35, and that the values of the critical resolved
shear stress and applied tensile stress are 6.2 MPa and 12 MPa,
respectively. From Equation 8.2

= cos cos = (12 MPa)(cos 60 )(cos 35 ) = 4.91 MPaR

Since the resolved shear stress (4.91 MPa) is less that the
critical resolved shear stress (6.2 MPa), the single crystal

will not yield.

However, from Equation 8.4, the stress at which yielding occurs
is

crss 6.2 MPa 15.1 MPa

cos cos cos 60 cos 35( )( )y = = =
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8.7 Consider a single crystal of nickel oriented such that a
tensile stress is applied along a [001] direction. If slip occurs
on a (111) plane and in a [101] direction, and is initiated at an
applied tensile stress of

13.9 MPa, compute the critical resolved shear stress.

Solution

This problem asks that we compute the critical resolved shear
stress for nickel. In order to do this, we must

employ Equation 8.4, but first it is necessary to solve for the
angles and which are shown in the sketch below.

The angle is the angle between the tensile axisi.e., the [001]
directionand the slip directioni.e., [101] . The value of may be
determined using Equation 8.6 as

( )( )1 1 2 1 2 1 22 2 2 2 2 21 1 1 2 2 2cos + + = + + + +

u u v v w w

u v w u v w

where (for [001]) u1 = 0, v1 = 0, w1 = 1, and (for [101] ) u2 =
1, v2 = 0, w2 = 1. Therefore, is equal to

12 2 2 2 2 2

(0)( 1) (0)(0) (1)(1)cos(0) (0) (1) ( 1) (0) (1)

+ + = + + + +

1 1cos 452

= =
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Furthermore, is the angle between the tensile axisthe [001]
directionand the normal to the slip planei.e., the (111) plane; for
this case, this normal is along a [111] direction. Therefore, again
using Equation 8.6

12 2 2 2 2 2

(0)(1) (0)(1) (1)(1)cos(0) (0) (1) (1) (1) (1)

+ + = + + + +

1 1cos 54.73

= =

And, finally, using Equation 8.4, the critical resolved shear
stress is equal to

crss = (cos cos )y

[ ] 1 1= (13.9 MPa) cos(54.7 )cos(45 ) = (13.9 MPa) = 5.68 MPa3
2
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8.8 (a) A single crystal of a metal that has the BCC crystal
structure is oriented such that a tensile stress

is applied in the [100] direction. If the magnitude of this
stress is 4.0 MPa, compute the resolved shear stress in the [111]
direction on each of the (110), (011), and (101) planes.

(b) On the basis of these resolved shear stress values, which
slip system(s) is (are) most favorably

oriented? Solution

(a) This part of the problem asks, for a BCC metal, that we
compute the resolved shear stress in the [111]

direction on each of the (110), (011), and (101 ) planes. In
order to solve this problem, it is necessary to employ

Equation 8.2, which means that we first need to solve for the
for angles and for the three slip systems. For each of these three
slip systems, the will be the samei.e., the angle between the
direction of the applied stress, [100] and the slip direction, [1
11] . This angle may be determined using Equation 8.6.

( )( )1 1 2 1 2 1 22 2 2 2 2 21 1 1 2 2 2cos + + = + + + +

u u v v w w

u v w u v w

where (for [100]) u1 = 1, v1 = 0, w1 = 0, and (for [1 11] ) u2 =
1, v2 = 1, w2 = 1. Therefore, is determined as

12 2 2 2 2 2

(1)(1) (0)( 1) (0)(1)cos(1) (0) (0) (1) ( 1) (1)

+ + = + + + +

1 1cos 54.73

= =

Let us now determine for the angle between the direction of the
applied tensile stressi.e., the [100] directionand the normal to
the (110) slip planei.e., the [110] direction. Again, using
Equation 8.6 where u1 = 1, v1 = 0, w1

= 0 (for [100]), and u2 = 1, v2 = 1, w2 = 0 (for [110]), is
equal to

1[100] [110]

2 2 2 2 2 2

(1)(1) (0)(1) (0)(0)cos(1) (0) (0) (1) (1) (0)

+ + = + + + +

1 1cos 452

= =
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Now, using Equation 8.2

cos cosR =

we solve for the resolved shear stress for this slip system
as

[ ](110) [1 11] (4.0 MPa) cos (45 )cos (54.7 ) (4.0 MPa)
(0.707)(0.578) 1.63 MPaR = = =

Now, we must determine the value of for the (011)[1 11] slip
systemthat is, the angle between the direction of the applied
stress, [100], and the normal to the (011) planei.e., the [011]
direction. Again using

Equation 8.6

1[100] [011]

2 2 2 2 2 2

(1)(0) (0)(1) (0)(1)cos(1) (0) (0) (0) (1) (1)

+ + = + + + +

1cos (0) 90= =

Thus, the resolved shear stress for this (011)[1 11] slip system
is

[ ](011) [1 11] (4.0 MPa) cos (90 )cos (54.7 ) (4.0 MPa)
(0)(0.578) 0 MPaR = = =

And, finally, it is necessary to determine the value of for the
(101 ) [111] slip system that is, the angle between the direction
of the applied stress, [100], and the normal to the (101)
planei.e., the [101]

direction. Again using Equation 8.6

1[100] [101] 2 2 2 2 2 2

(1)(1) (0)(0) (0)( 1)cos(1) (0) (0) (1) (0) ( 1)

+ + = + + + +

1 1cos 452

= =

Here, as with the (110)[111] slip system above, the value of is
45, which again leads to
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[ ](101) [1 11] (4.0 MPa) cos (45 )cos (54.7 ) (4.0 MPa)
(0.707)(0.578) 1.63 MPaR = = = (b) The most favored slip system(s)
is (are) the one(s) that has (have) the largest R value. Both
(110)[111] and (101) [111] slip systems are most favored since they
have the same R (1.63 MPa), which is greater than the R value for
(011) [1 11] (viz., 0 MPa).
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8.9 The critical resolved shear stress for copper is 0.48 MPa.
Determine the maximum possible yield

strength for a single crystal of Cu pulled in tension.

Solution

In order to determine the maximum possible yield strength for a
single crystal of Cu pulled in tension, we

simply employ Equation 8.5 as

crss= 2 = (2)(0.48 MPa) = 0.96 MPay
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Strengthening by Grain Size Reduction

8.10 Briefly explain why small-angle grain boundaries are not as
effective in interfering with the slip

process as are high-angle grain boundaries.

Answer

Small-angle grain boundaries are not as effective in interfering
with the slip process as are high-angle grain

boundaries because there is not as much crystallographic
misalignment in the grain boundary region for small-angle,

and therefore not as much change in slip direction.
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8.11 Briefly explain why HCP metals are typically more brittle
than FCC and BCC metals.

Answer

Hexagonal close packed metals are typically more brittle than
FCC and BCC metals because there are

fewer slip systems in HCP.
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8.12 (a) From the plot of yield strength versus (grain
diameter)1/2 for a 70 Cu30 Zn cartridge brass

(Figure 8.15), determine values for the constants 0 and ky in
Equation 8.7.

(b) Predict the yield strength of this alloy when the average
grain diameter is 3.9 103 mm.

Solution

(a) Perhaps the easiest way to solve for 0 and ky in Equation
8.7 is to pick two values each of y and d 1/2 from the Figure, and
then solve two simultaneous equations, which may be set up. For
example

d 1/2 (mm) 1/2 y (MPa) 4 75

12 175

The two equations are thus

075 = + 4 yk 0175 = + 12 yk

Solution of these equations yield the values of

1/2= 12.5 MPa (mm)yk

0 = 25 MPa

(b) When d = 3.9 103 mm, d 1/2 = 16 mm1/2, and, using Equation
8.7,

1/20= +y yk d

1/2 1/2= (25 MPa) + 12.5 MPa (mm) 16 mm = 225 MPa( )
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8.13 If it is assumed that the plot in Figure 8.15 is for
noncold-worked brass, determine the grain size of

the alloy in Figure 8.19; assume its composition is the same as
the alloy in Figure 8.15.

Solution

This problem asks that we determine the grain size of the brass
for which is the subject of Figure 8.19.

From Figure 8.19(a), the yield strength of brass at 0%CW is
approximately 175 MPa. This yield strength from

Figure 8.15 corresponds to a d 1/2 value of approximately 12.0
(mm)1/2. Thus, d = 6.9 103 mm.
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Strain Hardening

8.14 Two previously undeformed cylindrical specimens of an alloy
are to be strain hardened by reducing

their cross-sectional areas (while maintaining their circular
cross sections). For one specimen, the initial and

deformed radii are 15 mm and 12 mm, respectively. The second
specimen, with an initial radius of 11 mm, must

have the same deformed hardness as the first specimen; compute
the second specimens radius after deformation.

Solution

In order for these two cylindrical specimens to have the same
deformed hardness, they must be deformed

to the same percent cold work. For the first specimen the
percent cold work is computed using Equation 8.8 as

2 2

0 020 0

%CW = 100 = 100d dA A r r

A r

2 2

2(15 mm) (12 mm)= 100 = 36%CW

(15 mm)

For the second specimen, the deformed radius is computed using
the above equation and solving for rd as

0%CW= 1100d

r r

36%CW= (11 mm) 1 = 8.80 mm

100
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8.15 A cylindrical specimen of cold-worked copper has a
ductility (%EL) of 15%. If its cold-worked

radius is 6.4 mm, what was its radius before deformation?

Solution

This problem calls for us to calculate the precold-worked radius
of a cylindrical specimen of copper that

has a cold-worked ductility of 15%EL. From Figure 8.19(c),
copper that has a ductility of 15%EL will have

experienced a deformation of about 20%CW. For a cylindrical
specimen, Equation 8.8 becomes

2 20

20

%CW = 100dr r

r

Since rd = 6.4 mm, solving for r0 yields

06.4 mm= = = 7.2 mm

%CW 20.01 1100 100

drr
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8.16 Experimentally, it has been observed for single crystals of
a number of metals that the critical

resolved shear stress crss is a function of the dislocation
density D as

crss 0 = + DA

where 0 and A are constants. For copper, the critical resolved
shear stress is 0.69 MPa at a dislocation density of

104 mm2. If it is known that the value of 0 for copper is 0.069
MPa, compute the crss at a dislocation density of

107 mm2.

Solution

We are asked in this problem to compute the critical resolved
shear stress at a dislocation density of

107 mm2. It is first necessary to compute the value of the
constant A (in the equation provided in the problem

statement) from the one set of data as

3crss 04 2

0.69 MPa 0.069 MPa 1.96 10 MPa-mm10 mmD

A

= = =

Now, the critical resolved shear stress may be determined at a
dislocation density of 107 mm2 as

crss 0= + DA

3 7 2= (0.069 MPa) + 6.21 10 MPa-mm 10 mm = 19.7 MPa( )
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Recovery Recrystallization Grain Growth

8.17 Estimate the fraction of recrystallization from the
photomicrograph in Figure 8.21c. Solution

This is the photomicrograph of Figure 8.21c.

And below is presented a square grid onto which is superimposed
the recrystallized regions from the micrograph.

Approximately 400 squares lie within the recrystallized areas,
and since there are 672 total squares, the specimen is

about 60% recrystallized.
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8.18 The average grain diameter for a brass material was
measured as a function of time at 650C, which

is tabulated below at two different times:

Time (min) Grain Diameter (mm) 40 5.6 102

100 8.0 102

(a) What was the original grain diameter?

(b) What grain diameter would you predict after 200 min at
650C?

Solution

(a) Using the data given and Equation 8.9 (taking n = 2), we may
set up two simultaneous equations with d0 and K as unknowns;
thus

2 2 2

05.6 10 mm = (40 min)( ) d K

2 2 208.0 10 mm = (100 min)( ) d K

Solution of these expressions yields a value for d0, the
original grain diameter, of

d0 = 0.031 mm,

and a value for K of 5.44 105 mm2/min (b) At 200 min, the
diameter d is computed using a rearranged form of Equation 8.9
as

20=d d Kt+

2 5 2= (0.031 mm) 5.44 10 mm / min (200 min) = 0.109 mm( )+
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8.19 Grain growth is strongly dependent on temperature (i.e.,
rate of grain growth increases with

increasing temperature), yet temperature is not explicitly given
as a part of Equation 8.9.

(a) Into which of the parameters in this expression would you
expect temperature to be included?

(b) On the basis of your intuition, cite an explicit expression
for this temperature dependence.

Solution

(a) The temperature dependence of grain growth is incorporated
into the constant K in Equation 8.9.

(b) The explicit expression for this temperature dependence is
of the form

0= expQK KRT

in which K0 is a temperature-independent constant, the parameter
Q is an activation energy, and R and T are the gas

constant and absolute temperature, respectively.
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8.20 An uncold-worked brass specimen of average grain size 0.01
mm has a yield strength of 150 MPa.

Estimate the yield strength of this alloy after it has been
heated to 500C for 1000 s, if it is known that the value of

0 is 25 MPa.

Solution

This problem calls for us to calculate the yield strength of a
brass specimen after it has been heated to an

elevated temperature at which grain growth was allowed to occur;
the yield strength (150 MPa) was given at a grain size of 0.01 mm.
It is first necessary to calculate the constant ky in Equation 8.7
as

0

1/2=y

ykd

1/ 2

1/ 2150 MPa 25 MPa= 12.5 MPa mm

(0.01 mm) =

Next, we must determine the average grain size after the heat
treatment. From Figure 8.25 at 500C after 1000 s the average grain
size of a brass material is about 0.016 mm. Therefore, calculating
y at this new grain size using Equation 8.7, we get

1/2

0= y yk d +

1/2 1/2= 25 MPa 12.5 MPa-mm (0.016 mm) = 124 MPa( ) +
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Deformation of Semicrystalline Polymers (Deformation of
Elastomers)

8.21 In your own words, describe the mechanisms by which
semicrystalline polymers (a) elastically

deform and (b) plastically deform, and (c) by which elastomers
elastically deform.

Solution

(a) and (b) The mechanisms by which semicrystalline polymers
elastically and plastically deform are

described in Section 8.17.

(c) The explanation of the mechanism by which elastomers
elastically deform is provided in Section 8.19.
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Factors That Influence the Mechanical Properties of
Semicrystalline Polymers Deformation of Elastomers

8.22 Briefly explain how each of the following influences the
tensile or yield strength of a semicrystalline

polymer and why:

(a) Molecular weight

(b) Degree of crystallinity

(c) Deformation by drawing

(d) Annealing of an undeformed material

Solution

(a) The tensile strength of a semicrystalline polymer increases
with increasing molecular weight. This

effect is explained by increased chain entanglements at higher
molecular weights.

(b) Increasing the degree of crystallinity of a semicrystalline
polymer leads to an enhancement of the

tensile strength. Again, this is due to enhanced interchain
bonding and forces; in response to applied stresses,

interchain motions are thus inhibited.

(c) Deformation by drawing increases the tensile strength of a
semicrystalline polymer. This effect is due

to the highly oriented chain structure that is produced by
drawing, which gives rise to higher interchain secondary

bonding forces.

(d) Annealing an undeformed semicrystalline polymer produces an
increase in its tensile strength.
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8.23 The tensile strength and number-average molecular weight
for two poly(methyl methacrylate)

materials are as follows:

Tensile Strength Number-Average Molecular (MPa) Weight (g/mol)
30 30,000

170 50,000

Estimate the tensile strength at a number-average molecular
weight of 33,000 g/mol.

Solution

This problem gives us the tensile strengths and associated
number-average molecular weights for two poly(methyl methacrylate)
materials and then asks that we estimate the tensile strength for
nM = 33,000 g/mol.

Equation 8.11 cites the dependence of the tensile strength on nM
. Thus, using the data provided in the problem

statement, we may set up two simultaneous equations from which
it is possible to solve for the two constants TS

and A. These equations are as follows:

30 MPa =30,000 g / mol

ATS

170 MPa =50,000 g / mol

ATS

Thus, the values of the two constants are: TS = 380 MPa and A =
1.05 107 MPa-g/mol. Substituting these values into Equation 8.11
for nM = 33,000 g/mol leads to

=33,000 g / mol

ATS TS

71.05 10 MPa-g / mol= 380 MPa

33,000 g / mol

= 61.8 MPa
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8.24 For each of the following pairs of polymers, do the
following: (1) state whether or not it is possible

to decide whether one polymer has a higher tensile modulus than
the other; (2) if this is possible, note which has

the higher tensile modulus and then cite the reason(s) for your
choice; and (3) if it is not possible to decide, then

state why.

(a) Branched and atactic poly(vinyl chloride) with a
weight-average molecular weight of 100,000 g/mol;

linear and isotactic poly(vinyl chloride) having a
weight-average molecular weight of 75,000 g/mol

(b) Random styrene-butadiene copolymer with 5% of possible sites
crosslinked; block styrene-butadiene

copolymer with 10% of possible sites crosslinked

(c) Branched polyethylene with a number-average molecular weight
of 100,000 g/mol; atactic

polypropylene with a number-average molecular weight of 150,000
g/mol

Solution

(a) Yes, it is possible. The linear and isotactic poly(vinyl
chloride) will display a greater tensile modulus.

Linear polymers are more likely to crystallize that branched
ones. In addition, polymers having isotactic structures

will normally have a higher degree of crystallinity that those
having atactic structures. Increasing a polymer's

crystallinity leads to an increase in its tensile modulus. In
addition, tensile modulus is independent of molecular

weight--the atactic/branched material has the higher molecular
weight.

(b) Yes, it is possible. The block styrene-butadiene copolymer
with 10% of possible sites crosslinked will

have the higher modulus. Block copolymers normally have higher
degrees of crystallinity than random copolymers

of the same material. A higher degree of crystallinity favors
larger moduli. In addition, the block copolymer also

has a higher degree of crosslinking; increasing the amount of
crosslinking also enhances the tensile modulus.

(c) No, it is not possible. Branched polyethylene will tend to
have a low degree of crystallinity since

branched polymers don't normally crystallize. The atactic
polypropylene probably also has a relatively low degree

of crystallinity; atactic structures also don't tend to
crystallize, and polypropylene has a more complex repeat unit

structure than does polyethylene. Tensile modulus increases with
degree of crystallinity, and it is not possible to

determine which polymer is more crystalline. Furthermore,
tensile modulus is independent of molecular weight.
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8.25 For each of the following pairs of polymers, plot and label
schematic stressstrain curves on the

same graph (i.e., make separate plots for parts a, b, and
c).

(a) Polyisoprene having a number-average molecular weight of
100,000 g/mol and 10% of available sites

crosslinked; polyisoprene having a number-average molecular
weight of 100,000 g/mol and 20% of available sites

crosslinked

(b) Syndiotactic polypropylene having a weight-average molecular
weight of 100,000 g/mol; atactic

polypropylene having a weight-average molecular weight of 75,000
g/mol

(c) Branched polyethylene having a number-average molecular
weight of 90,000 g/mol; heavily

crosslinked polyethylene having a number-average molecular
weight of 90,000 g/mol

Solution

(a) Shown below are the stress-strain curves for the two
polyisoprene materials, both of which have a

molecular weight of 100,000 g/mol. These two materials are
elastomers and will have curves similar to curve C in

Figure 7.22. However, the curve for the material having the
greater number of crosslinks (20%) will have a higher

elastic modulus at all strains.

(b) Shown below are the stress-strain curves for the two
polypropylene materials. These materials will most probably display
the stress-strain behavior of a normal plastic, curve B in Figure
7.22. However, the syndiotactic polypropylene has a higher
molecular weight and will also undoubtedly have a higher degree of
crystallinity; therefore, it will have a higher strength.
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(c) Shown below are the stress-strain curves for the two
polyethylene materials. The branched

polyethylene will display the behavior of a normal plastic,
curve B in Figure 7.22. On the other hand, the heavily

crosslinked polyethylene will be stiffer, stronger, and more
brittle (curve A of Figure 7.22).
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8.26 Which of the following would you expect to be elastomers
and which thermosetting polymers at room

temperature? Justify each choice.

(a) Linear and highly crystalline polyethylene

(b) Heavily crosslinked polyisoprene having a glass-transition
temperature of 50C

(c) Linear and partially amorphous poly(vinyl chloride)

Answer

(a) Linear and highly crystalline polyethylene would be neither
an elastomer nor a thermoset since it is a

linear polymer.

(b) Heavily crosslinked polyisoprene having a glass transition
temperature of 50C would be a thermosetting polymer because it is
heavily crosslinked. It would not be an elastomer since it is
heavily crosslinked and room temperature is below its Tg.

(c) Linear and partially amorphous poly(vinyl chloride) is
neither an elastomer nor a thermoset. In order

to be either, it must have some crosslinking.
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8.27 Fifteen kilogram of polychloroprene is vulcanized with 3.7
kg sulfur. What fraction of the possible

crosslink sites is bonded to sulfur crosslinks, assuming that,
on the average, 5.5 sulfur atoms participate in each

crosslink?

Solution

This problem asks that we compute the fraction of possible
crosslink sites in 15 kg of polychloroprene

when 3.7 kg of S is added, assuming that, on the average, 5.5
sulfur atoms participate in each crosslink bond. Given

the butadiene repeat unit shown, we may calculate its molecular
weight as follows:

A(chloroprene) = 4(AC) + 5(AH) + ACl

= (4)(12.01 g/mol) + 5(1.008 g/mol) + 35.45 g/mol = 88.53
g/mol

Which means that in 15 kg of chloroprene there are chloro15,000
g = 169.4 mol = .

88.53 g / moln

For the vulcanization of polychloroprene, there are two possible
crosslink sites per repeat unitone for

each of the two carbon atoms that are doubly bonded.
Furthermore, each of these crosslinks forms a bridge between

two repeat units. Therefore, we can say that there is the
equivalent of one crosslink per repeat unit. Let us now calculate
the number of moles of sulfur (nsulfur) that react with the
chloroprene, by taking the mole ratio of sulfur to

chloroprene, and then dividing this ratio by 5.5 atoms per
crosslink; this yields the fraction of possible sites that are

crosslinked. Thus

sulfur3700 g= = 115.4 mol

32.06 g / moln

And

115.4 = 0.681169.4

and finally, the fraction of possible sites crosslinked:

0.681 0.1245.5

=
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8.28 The vulcanization of polyisoprene is accomplished with
sulfur atoms according to Equation 8.12. If

50 wt% sulfur is combined with polyisoprene, how many crosslinks
will be associated with each isoprene repeat

unit if it is assumed that, on the average, five sulfur atoms
participate in each crosslink?

Solution

This problem asks for us to determine how many crosslinks form
per isoprene repeat unit when 50 wt%

sulfur is added, assuming that, on the average, five sulfur
atoms participate in cach crosslink. If we arbitrarily

consider 100 g of the vulcanized material, 50 g will be sulfur
and 50 g will be polyisoprene. Next, let us find how

many moles of sulfur and isoprene correspond to these masses.
The atomic weight of sulfur is 32.06 g/mol, and

thus,

50 g# moles S = = 1.56 mol32.06 g / mol

Now, in each isoprene repeat unit there are five carbon atoms
and eight hydrogen atoms. Thus, the molecular

weight of a mole of isoprene units is

(5)(12.01 g/mol) + (8)(1.008 g/mol) = 68.11 g/mol

Or, in 50 g of polyisoprene, the number of moles is equal to

50 g# moles isoprene = = 0.734 mol68.11 g / mol

Therefore, the ratio of moles of S to the number of moles of
polyisoprene is

1.56 mol :1 = 2.13:10.734 mol

When all possible sites are crosslinked, the ratio of the number
of moles of sulfur to the number of moles of isoprene is

5:1; this is because there are two crosslink sites per repeat
unit and each crosslink is shared between repeat units on

adjacent chains, and there are 5 sulfur atoms per crosslink.
Finally, to determine the fraction of sites that are

crosslinked, we just divide the actual crosslinked
sulfur/isoprene ratio by the completely crosslinked ratio. Or,

2.13 /1fraction of repeat unit sites crosslinked = = 0.425

5 /1
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8.29 Demonstrate, in a manner similar to Equation 8.12, how
vulcanization may occur in a chloroprene

rubber.

Solution

The reaction by which a chloroprene rubber may become vulcanized
is as follows:
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DESIGN PROBLEMS

Strain Hardening Recrystallization

8.D1 Determine whether or not it is possible to cold work steel
so as to give a minimum Brinell hardness

of 240, and at the same time have a ductility of at least 15%EL.
Justify your decision.

Solution

Let us first determine the tensile strength of this steel using
Equation 7.25(a) as

(MPa) 3.45 HB= TS

= (3.45)(240 HB) = 830 MPa

Now, from Figure 8.19(b), in order to achieve a tensile strength
of 830 MPa, deformation of at least 18%CW is

necessary. Finally, if we cold work the steel to 18%CW, then the
ductility is 13%EL from Figure 8.19(c) (which is

less than the 15%EL value stipulated in the problem statement).
Therefore, it is not possible to meet both of these

criteria by plastically deforming the steel.
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8.D2 A cylindrical specimen of cold-worked steel has a Brinell
hardness of 240.

(a) Estimate its ductility in percent elongation.

(b) If the specimen remained cylindrical during deformation and
its original radius was 10 mm, determine

its radius after deformation.

Solution

(a) For this portion of the problem, we are to determine the
ductility of cold-worked steel that has a Brinell

hardness of 240. It is first necessary to determine the tensile
strength of this steel using Equation 7.25(a) as

(MPa) 3.45 HB= TS

= (3.45)(240 HB) = 830 MPa

Now, from Figure 8.19(b), in order to achieve a tensile strength
of 830 MPa, deformation of at least 18%CW is

necessary. Furthermore, 18%CW yields a ductility of about 13%EL
for steel, Figure 8.19(c).

(b) We are now asked to determine the radius after deformation
if the uncold-worked radius is 10 mm.

From Equation 8.8 and for a cylindrical specimen

2 20

20

%CW = 100dr r

r

Now, solving for rd from this expression, we get

0%CW= 1100d

r r

18= (10 mm) 1 = 9.06 mm

100
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8.D3 A cylindrical rod of 1040 steel originally 11.4 mm in
diameter is to be cold worked by drawing; the

circular cross section will be maintained during deformation. A
cold-worked tensile strength in excess of 825 MPa

and a ductility of at least 12%EL are desired. Furthermore, the
final diameter must be 8.9 mm. Explain how this

may be accomplished.

Solution

First let us calculate the percent cold work and attendant
tensile strength and ductility if the drawing is

carried out without interruption. From Equation 8.8

2 20

20

2 2%CW = 100

2

dd d

d

2 2

2

11.4 mm 8.9 mm2 2= 100 = 40%CW

11.4 mm2

At 40%CW, the steel will have a tensile strength on the order of
900 MPa [Figure 8.19(b)], which is adequate;

however, the ductility will be less than 9%EL [Figure 8.19(c)],
which is insufficient.

Instead of performing the drawing in a single operation, let us
initially draw some fraction of the total

deformation, then anneal to recrystallize, and, finally,
cold-work the material a second time in order to achieve the

final diameter, tensile strength, and ductility.

Reference to Figure 8.19(b) indicates that 17%CW is necessary to
yield a tensile strength of 825 MPa.

Similarly, a maximum of 19%CW is possible for 12%EL [Figure
8.19(c)]. The average of these extremes is 18%CW. If the final
diameter after the first drawing is 0d , then

2 20

20

8.9 mm2 218%CW = 100

2

d

d

And, solving for 0d from this expression, yields
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08.9 mm= = 9.83 mm

18%CW1 100

d
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8.D4 A cylindrical brass rod having a minimum tensile strength
of 450 MPa, a ductility of at least 13%EL,

and a final diameter of 12.7 mm is desired. Some 19.0 mm
diameter brass stock that has been cold worked 35% is

available. Describe the procedure you would follow to obtain
this material. Assume that brass experiences

cracking at 65%CW.

Solution

Let us start by deciding what percent cold work is necessary for
the minimum tensile strength and ductility

values, assuming that a recrystallization heat treatment is
possible. From Figure 8.19(b), at least 27%CW is

required for a tensile strength of 450 MPa. Furthermore,
according to Figure 8.19(c), 13%EL corresponds a

maximum of 30%CW. Let us take the average of these two values
(i.e., 28.5%CW), and determine what previous

specimen diameter is required to yield a final diameter of 12.7
mm. For cylindrical specimens, Equation 8.8 takes

the form

2 2

0

20

2 2%CW = 100

2

dd d

d

Solving for the original diameter d0 yields

012.7 mm= = = 15.0 mm

%CW 1 0.2851100

ddd

Thus, in order to achieve a tensile strength of 450 MPa and a
ductililty of 13%EL, and have a final diameter of

12.7 mm, it is necessary that the diameter after the
recrystallization heat treatment be 15.0 mm.

Now, let us determine its undeformed diameter of the original
bar stock realizing that a diameter of 19.0 mm corresponds to
35%CW. Again, solving for d0 using the above equation and assuming
dd = 19.0 mm yields

019.0 mm= = = 23.6 mm

%CW 1 0.351100

ddd

At this point, let us see if it is possible to deform the
material from 23.6 mm to 15.0 mm without exceeding the

65%CW limit. Again employing Equation 8.8
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2 2

2

23.6 mm 15.0 mm2 2%CW = 100 = 59.6%CW

23.6 mm2

which is less than the 65%CW limit.

In summary, the procedure which can be used to produce the
desired material would be as follows: cold

work the as-received stock to 15.0 mm, heat treat it to achieve
complete recrystallization, and then cold work the

material again to 12.7 mm, which will give the desired tensile
strength and ductility.
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