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(a) For SiC,

sf =
3 MPa2m2p * 25 * 10-6m

= 339 MPa.

(b) For PSZ,

sf =
9 MPa2m2p * 25 * 10-6m

= 1,020 MPa.

PRACTICE PROBLEM 8.2

What crack size is needed to produce catastrophic failure in the 
alloy in Example 8.2 at (a) 13 Y.S. and (b) 34 Y.S.?

PRACTICE PROBLEM 8.3

In Example 8.3, maximum service stress for two structural ceramics 
is calculated based on the assurance of no flaws greater than 25  mm 
in size. Repeat these calculations given that a more economical 
inspection program can only guarantee detection of flaws greater 
than 100  mm in size.

 8.3 Fatigue
Up to this point, we have characterized the mechanical behavior of metals under 
a single load application either slowly (e.g., the tensile test) or rapidly (e.g., the 
impact test). Many structural applications involve cyclic rather than static load-
ing, and a special problem arises. Fatigue is the general phenomenon of material 
failure after several cycles of loading to a stress level below the ultimate tensile 
stress (Figure 8.8). Figure 8.9 illustrates a common laboratory test used to cycle 

Fracture

Stress
Tensile strength (T.S.)

Time

FIGURE 8.8 Fatigue corresponds to the brittle fracture of an alloy after a total of N cycles 
to a stress below the tensile strength.
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254 CHAPTER 8 Failure Analysis and Prevention

a test piece rapidly to a predetermined stress level. A typical fatigue curve is 
shown in Figure 8.10. This plot of stress (S) versus number of cycles (N), on a 
logarithmic scale, at a given stress is also called the S–N curve. The data indicate 
that while the material can withstand a stress of 800 MPa (T.S.) in a single load-
ing (N = 1), it fractures after 10,000 applications (N = 104) of a stress less than 
600 MPa. The reason for this decay in strength is a subtle one. Figure 8.11 shows 
how repeated stress applications can create localized plastic deformation at the 
metal surface, eventually manifesting as sharp discontinuities (extrusions and 
intrusions). These intrusions, once formed, continue to grow into cracks, reducing 
the load-carrying ability of the material and serving as stress concentrators (see 
the preceding section).

Fracture mechanics studies of cyclic loading provide substantial, quantita-
tive understanding of the nature of crack growth. In particular, crack growth con-
tinues until the crack length reaches the critical value as defined by Equation 8.1 
and Figure 8.6.

At low stress levels or for small crack sizes, preexisting cracks do not 
grow during cyclic loading. Figure 8.12 shows how, once the stress exceeds 
some threshold value, crack length increases, as indicated by the slope of the 

Bearing housing

Bearing housing

Flexible coupling Counter

High-speed motor
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Fulcrum
Fulcrum

P/2 P/2

FIGURE 8.9 Fatigue test. (From C. A. Keyser, Materials Science in Engineering, 4th ed., 
Charles E. Merrill Publishing Company, Columbus, OH, 1986.)
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FIGURE 8.10 Typical fatigue curve. (Note that a log scale is required for the horizontal 
axis.)

Specimen surface

Localized  slip
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(c)
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FIGURE 8.11 An illustration 
of how repeated stress 
applications can generate 
localized plastic deformation 
at the alloy surface leading 
eventually to sharp 
discontinuities.
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256 CHAPTER 8 Failure Analysis and Prevention

The fatigue fracture surface has a characteristic texture shown in Figure 8.14. 
The smoother portion of the surface is referred to as clamshell or beachmark tex-
ture. The concentric line pattern is a record of the slow, cyclic buildup of crack 
growth from a surface intrusion. The granular portion of the fracture surface 
identifies the rapid crack propagation at the time of catastrophic failure. Even for 
normally ductile materials, fatigue failure can occur by a characteristically brittle 
mechanism.

Figure 8.10 showed that the decay in strength with increasing numbers of 
cycles reaches a limit. This fatigue strength, or endurance limit, is characteristic of 
ferrous alloys. Nonferrous alloys tend not to have such a distinct limit, although 
the rate of decay decreases with N (Figure 8.15). As a practical matter, the fatigue 
strength of a nonferrous alloy is defined as the strength value after an arbitrarily 
large number of cycles (usually N = 108, as illustrated in Figure 8.15). Fatigue 
strength usually falls between one-fourth and one-half of the tensile strength, 
as illustrated by Table 8.4 and Figure 8.16 for the alloys of Table 6.1. For a given 
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FIGURE 8.13 Illustration of the logarithmic relationship between crack growth rate, 
da>dN, and the stress intensity factor range, ∆K. Region I corresponds to nonpropagating 
fatigue cracks. Region II corresponds to a linear relationship between log da>dN and 
log ∆K. Region III represents unstable crack growth prior to catastrophic failure.
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 SECTION 8.3 Fatigue 257

alloy, the resistance to fatigue will be increased by prior mechanical deformation 
(cold working) or reduction of structural discontinuities (Figure 8.17).

Metal fatigue has been defined as a loss of strength created by microstruc-
tural damage generated during cyclic loading. The fatigue phenomenon is also 
observed for ceramics and glasses, but without cyclic loading. The reason is that 
a chemical rather than mechanical mechanism is involved. Figure 8.18 illustrates 
the phenomenon of static fatigue for common silicate glasses. Two key observa-
tions can be made about this phenomenon: (1) it occurs in water-containing 
environments and (2) it occurs around room temperature. The role of water in 
static fatigue is shown in Figure 8.19. By chemically reacting with the silicate 
network, an H2O molecule generates two Si–OH units. The hydroxyl units are 
not bonded to each other, leaving a break in the silicate network. When this 
reaction occurs at the tip of a surface crack, the crack is lengthened by one 
atomic-scale step.

(a)

(b) (c)

FIGURE 8.14 Characteristic fatigue fracture surface. (a) Photograph of an aircraft 
throttle-control spring (11

2 *) that broke in fatigue after 274 h of service. The alloy is 
17–7PH stainless steel. (b) Optical micrograph (10*) of the fracture origin (arrow) and 
the adjacent smooth region containing a concentric line pattern as a record of cyclic 
crack growth (an extension of the surface discontinuity shown in Figure 8.11). The 
granular region identifies the rapid crack propagation at the time of failure. (c) Scanning 
electron micrograph (60*), showing a closeup of the fracture origin (arrow) and adjacent 
“clamshell” pattern. (From Metals Handbook, 8th ed., Vol. 9: Fractography and Atlas of 
Fractographs, American Society for Metals, Metals Park, OH, 1974.)
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FIGURE 8.15 Comparison of fatigue curves for (a) ferrous and (b) nonferrous alloys. 
The ferrous alloy is a ductile iron. The nonferrous alloy is C11000 copper wire. The 
nonferrous data do not show a distinct endurance limit, but the failure stress at N = 108 
cycles is a comparable parameter. (After Metals Handbook, 9th ed., Vols. 1 and 2, 
American Society for Metals, Metals Park, OH, 1978, 1979.)

TABLE 8.4

Comparison of Fatigue Strength (F.S.) and Tensile Strength (T.S.) for Some of the 
Alloys of Table 6.1

Alloy F.S. (MPa) T.S. (MPa)

  1. 1040 carbon steel 280 750
  2. 8630 low-alloy steel 400 800
  3. a. 304 stainless steel 170 515
  7. a. 3003-H14 aluminum 62 150
  8. b. AM100A casting magnesium 69 150
  9. a. Ti–5Al–2.5Sn 410 862
10. Aluminum bronze, 9% (copper alloy) 200 652
11. Monel 400 (nickel alloy) 290 579
12. AC41A zinc 56 328

258
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 SECTION 8.3 Fatigue 259

Cyclic fatigue in metals and static fatigue in ceramics are compared in 
Figure 8.20. Because of the chemical nature of the mechanism in ceramics and 
glasses, the phenomenon is found predominantly around room temperature. At 
relatively high temperatures (above about 150°C), the hydroxyl reaction is so 
fast that the effects are difficult to monitor. At those temperatures, other factors 
such as viscous deformation can also contribute to static fatigue. At low tempera-
tures (below about -100°C), the rate of hydroxyl reaction is too low to produce 
a significant effect in practical time periods. Analogies to static fatigue in met-
als would be stress-corrosion cracking and hydrogen embrittlement, involving 
crack-growth mechanisms under severe environments.

Fatigue in polymers is treated similarly to fatigue in metal alloys. Acetal 
 polymers are noted for good fatigue resistance. Figure 8.21 summarizes S–N curves 
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FIGURE 8.16 Plot of data from Table 8.4 showing how fatigue strength is generally one-
fourth to one-half of the tensile strength.

Increased cold work or surface
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FIGURE 8.17 Fatigue strength is increased by 
prior mechanical deformation or reduction of 
structural discontinuities.

Increased silica content
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S

FIGURE 8.18 The drop in strength of glasses 
with duration of load (and without cyclic-load 
applications) is termed static fatigue.
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