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in others. For example, certain processing equipment may op-
erate continually at elevated temperatures. In this case brittle
fracture may not be a consideration unless there is a damaging
environmental factor, such as absorption of hydrogen or hydro-
gen sulfide.

In many other applications, exposure to relatively low tem-
perature for the steel involved may be a real possibility and thus
a real problem if the other contributing factors are likely to ex-
ist. The steel itself thus may be the only factor that can be con-
trolled in order to prevent brittie fracture of normally ductile
steel. The metallurgical trends that tend to decrease the likeli-
hood of brittle fracture of steel are: low carbon content, mod-
erate manganese content, high manganese/carbon ratio, inclu-
sion of certain alloying elements, fine grain size, deoxidation
of steel, and heat treatment to produce tempered martensitic or
lower bainitic microstructures. This subject is covered in more
detail in Ref 7. Prevention of brittle fracture is entirely possible
if advantage is taken of the recent technology that has led to the
development of steels specifically for increased notch tough-
ness.

CHARACTERISTICS OF BRITTLE FRACTURE

Brittle fractures have certain characteristics that permit them to be
properly identified:

1. There is no gross permanent or plastic deformation of the metal
in the region of brittle fracture, although there may be perma-
nent deformation in other locations where relatively ductile frac-
ture has occurred.

2. The surface of a brittle fracture is perpendicular to the principal
tensile stress. Thus the direction of the tensile stress that caused
the fracture to occur can be readily identified.

3. Characteristic markings on the fracture surface frequently, but
not always, point back to the location from which the fracture
originated.

In the case of flat steel, such as sheet, plate, or flat bars, and
also case-hardened regions, there are characteristic V.shaped
“chevron” or “herringbone” marks that point toward the origin
of the fracture. In many instances, these marks are extremely
fine and very difficult to recognize unless a strong light is po-
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Fracture direction Origin Fracture direction
s D s

Note the classic chevron or herringbone marks that point toward the origin of the
fracture, where there usually is some type of stress concentration, such as a welding
defect, fatigue crack, or stress-carrosion crack. The plane of the fraciure is always
perpendicular to the principal tensile stress that caused the fracture al that location.

Fig. 2. Sketch of pattern of brittle fracture of a normally ductile steel
plate, sheet, or flat bar.

Fig. 3. Fragment of a thick-walled fractured drum. The fracture, which
started at the right side of the photo, ran rapidiy to the left, resulting
in a well-defined chevron patiern, (Ref 10}

sitioned so that it just grazes the projections of the surface tex-
ture. See Fig. 2 through 8 for illustrations of these marks.

Brittle fractures of some parts may have a pattern of radial
lines, or ridges, emanating from the origin in a fan-like pattern.
Again, it may be difficult to perceive the texture of the fracture
surface unless the light is carefully controlled. See Fig. 9 through
11,

Brittle fractures of extremely hard, fine-grain metals usually
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if britdle fracture continues completely around the part, the two separate fraclures
may form a step where they overlap opposite the origin. The interior, or core, is likely
to have a ductile fracture, with dimpled rupture on a microscale.
Fig. 4. Sketch of a fractured case-hardened shait showing chevron marks
pointing back toward the fracture origin.

have little or no visible fracture pattern. In these cases, it may
be very difficult to locate the origin with certainty.

Note: The preceding discussion of the ductile/brittle tran-
‘sition primarily concerns carbon and alloy steels as well as
certain nonaustenitic stainless steels. Other metals with body-
centered cubic crystal structures behave similarly but are less
common. Most nonferrous metals, such as alloys of aluminum
and copper, and austenitic stainless steels have crystal struc-
tures that are not susceptible to the ductile/brittle transition
characteristic of body-centered cubic metals.

See Chapter 3 on Basic Single-Load Fracture Modes for
other discussion on ductile /brittle fracture.
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The fatigue crack originated (arrow) at a fillet (with a radius smaller than specified)
at a change in shaft diameter near a keyway runout. Case hardness was about HRC
46 at the surface. Note the well-defined chevron marks in the two brittle fractures
pointing toward the roughty circular fatigue portion of the fracture. Note also that this
fracture is at a 45° angle to the shaft axis, as is typical of fatigue and brittle fracture
of shafts in torsion,

Fig. 5. Surface of a torsional fatigue fracture that caused brittle frac-
ture of the case of an induction-hardened axie of 1541 steel.

MICROSTRUCTURAL ASPECTS OF BRITTLE

FRACTURE

Brittle fractures usually propagate by either or both of two fracture
modes: cleavage and intergranular. In most cases it is necessary to
study the fracture surface with an electron microscope. Since very
high magnifications are usually not necessary, a scanning electron
microscope is usually preferred to a transmission electron microscope.

Cleavage fractures are characterized by splitting of the crystals, or
grains, along specific crystallographic planes without respect to the
grain boundaries, as shown in Fig. 12. Since the fracture goes through
the grains, this type of fracture is frequently referred to as transgran-
ular, or transcrystalline. Cleavage fractures are the most common type
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Fatigue fracture origins A and B were subsurface because of the steep induction-
hardened gradient and tack of an external stress concentration. {See Fig. 9 in Chapter
6.} Fatigue crack A, the larger of the two, propagated through the core and case regions
on the left side; then the shaft suddenty fractured in a britle manner around the right
side of the case. Note the chevron marks on the lower right pointing in a clockwise
direction toward fracture origin A.

Fig. 6. Fatigue fracture of a 3Y4-in.-diam induction-hardened shaft of
1541 steel after fatigue testing in rotary bending.

of britile fracture and are the normal mode of fracture unless the grain
boundaries have been weakened by a specific environment or process.

A typical cleavage fracture viewed by the scanning electron mi-
croscope is shown in Fig. 13. It will be noted that the pattern is char-
acterized by the joining together of microscopic ridges, much like the
joining of tributaries of a river system to form the main stream of the
river. This pattern reveals the direction that the fracture ran; the frac-
ture propagated in the same direction that the water in a river flows:
downstream.

Intergranular fractures are those that follow grain boundaries
weakened for any of several reasons. An analogy may be made (o a
brick wall, which fractures through the mortar rather than through the
bricks themselves. The mortar is analogous to the grain boundaries,
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Fracture originated at a weld defect (arrow} during testing in very cold weather. Note
well-defined chevron marks clockwise from the arrow pointing back toward the origin.
Note also that the steel around the access hole in the grease fitting is actually necked
down along the tube axis. The upper side of the tube is deformed and torn in a ductile
manner.

Fig. 7. Surface of a brittle fracture in a cold drawn, stress-relieved
1035 steel axle tube.

while the bricks are analogous to the metal grains. A typical inter-
granular fracture is shown in Fig. 14.

The reasons for weakened grain boundaries are frequently very sub-
tle and poorly understood. Under certain conditions some metals are
subject to migration or diffusion of embiittling elements or com-
pounds to the grain boundaries. The major forms of embrittlement of
steel will be discussed briefly here, but are covered in considerably
~ more detail in various articles in Ref 7 and 8, as well as in other

. sources,
Strain-age embrittlement. Most susceptible to the phenomenon of
- Strain-age embrittiement are low-carbon rimmed or capped steels that
- are severely cold worked during forming processes. Subsequent mod-
-~ erate heating during manufacture (as in galvanizing, enameling, or
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The case fractured at a repaired weld imperfection during a hydrostatic pressure test.
Fracture occurred at about 57% of the intended proof stress. All welds of the case had
been carefully inspected by X-ray and ultrasonic inspection. Arrows indicate origin of

fracture,
Fig. 8(a). Catastrophic brittle fracture of a 260-in.-diam solid-pro-
pellant rocket motor case made of 18% Ni, grade 250, maraging steel,

A crack was found beneath a gas tungsten-arc repair weld on the Inner surface of
the case (surface at top in this fractograph) in the heat-affected zone of a longitudirat

submerged-arc assembly weld. The crack was about 1.4 in. tong, parallel to and 0.47
in. beneath the outer surface of the case (surface at bottom). Radial marks are visible
that confirm that fracture proceeded to the left and to the right. (Ref 11)
Fig. 8(h). Light fractograph of crack origin in the weld-related cata-
strophic fracture of the motor case shown in Fig. 8(a). 1 X,
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This bar, which supports the front end of a large crawler tractor, was in service for
about 200 h and was then returned to the laboratory, where it was flexed in high-
stress, low-cycle fatigue, fracturing at 60,000 cycles. Note that the fatigue-crack zone
at upper left has a very fine texture, the result of continual testing. Note also the radial,
fan-like ridges emanating from the fracture origin and the very small shear lips around
the periphery of the brittle fracture. This fracture of a very large, high-strength part
refeased a {arge amount of energy in a very short time.

Fig. 9{a). Fracture surface of a large (approx 534 X 6 in)}) equalizer
bar mace from D6B steel heat freated to a hardness of HRC 45 to
47,

paint baking) or aging at ambient temperature during service may cause
embrittlement.

Quench-age embrittlement. Rapid cooling, or quenching of low-
carbon steels (0.04 to 0.12% carbon) from subcritical temperatures
above about 560 °C (1040 °F) can precipitate carbides within the
structure and also precipitation harden the metal. An aging period of
several weeks at room temperature is required for maximum embrit-
tlement.

Blue brittleness. Bright steel surfaces oxidize to a blue-purple color
when plain carbon and some alloy steels are heated between 230 and
370 °C (450 and 700 °F). After cooling, there is an increase in tensile
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Origin

Shear lip

|-

Fracture originated at a sharp stress concentration that grew to the critical flaw size
for that metal. The sharp stress concentration Is lrequently, though not always, a fatigue
crack or a stress-corrasion crack. Note the fan-shaped pattern radiating from the origin
region in the upper left corner. When viewed under the electron microscope, this type
of fracture is likely to reveal a cleavage or quasi-cleavage fracture mode.

Fig. 9(h). Sketch of pattern of brittle fracture in a moderately hard,
strong metal.

strength and a marked decrease in ductility and impact strength caused
by precipitation hardening within the critical temperature range.

Temper embrittlement. Quenched steels containing appreciable
amounts of manganese, silicon, nickel, or chromium are susceptible
to temper embrittlement if they also contain one or more of the im-
purities antimony, tin, and arsenic. Embrittlement of susceptible steels
can occur after heating in the range 370 to 575 °C (700 to 1070 °F)
but occurs most rapidly around 450 to 475 °C (840 to 885 °F).

500 °F embrittlement. High-sirength low-alloy steels containing
substantial amounts of chromium or manganese are susceptible to em-
brittlement if tempered in the range of 400 to 700 °F (200 to 370 °C)
after hardening, resulting in tempered martensite. Steels with micro-
structures of tempered lower bainite also are subject o 500 °F em-
brittlement, but steels with pearlitic microstructures and other bainitic
steels are not susceptibie.

400 to 500 °C embrittlement. Fine-grained, high-chromium fer-
ritic stainless steels, normally ductile, will become embrittied if kept
at 400 to 500 °C (750 to 930 °F) for long periods of time. Soaking
at higher temperatures for several hours should restore normal duc-
tility.
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Radial ridges emanate from the origin in a fan-shaped pattern. The britile part of the
fracture is bright and sparkling, in contrast to the dull appearance of the fatigue zone
and the thin shear lips at top and bottom surfaces.

Fig. 10. Origin {at arrow) of a single-load brittle fracture which ini-
tiated at a small weld defect. Note also a fatigue fracture in the upper
right corner.

At the highest temperature tleft), the fracture is virtuatly all shear. At intermediate
temperature (center}, the fracture is combined shear and cleavage. At the lowest tem-
perature {right), the fracture is virtuzally complete cleavage. Note increased deformation
with increased temperature.

Fig. 11. Three Charpy V-notch impact test specimens of the same
metalfurgical conditions tested at three different temperatures.

Sigma-phase embrittlement, Prolonged service at 560 to 980 °C
(1050 to 1800 °F) can cause formation of the hard, brittle sigma phase
in both ferritic and austenitic stainless steels and similar alloys. Im-
pact strength is greatly reduced, particularly when the metal has been
cooled to about 260 °C (500 °F) or less.

Graphitization, Formation of graphite may occur in a narrow heat-
affected zone of a weld in carbon and carbon-molybdenum steels held
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Fig. 12. Cleavage-fracture model showing fracture direction, cleav-
age planes, and low-angle grain or subgrain boundary. (Ref 8}

at temperatures over 425 °C (800 °F) for prolonged periods. The de-
gree of embrittlement depends on the distribution, size, and shape of
the graphite formed in the heat-affected zone.
Intermetallic-compound embrittlement. Long exposure of gal-
vanized steel to temperatures slightly below the melting point of zinc
(420 °C or 787 °F) causes zinc diffusion into the steel. This results

Fig. 13. Cleavage fracture in hardened steel, viewed under the scan-
ning electron microscope. Note progression of “river” marks in the
direction of arrow. Grain boundaries were crossed without apparent
effect. 2000x; shown here at 75%.
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Fig. 14. Intergranular fracture in hardened steel, viewed under the
scanning electron microscope. Note that fracture takes place between
the grains; thus the fraciure surface has a “rock candy”” appearance
that reveals the shapes of part of the individual grains, 2000X; shown
here at 75%.

L

in the formation of a brittle iron-zinc intermetallic compound in the
grain boundaries.

Other types of embrittlement leading primarily to intergranular
fracture are caused by environmental factors. These include the fol-
lowing;:

Neutron embrittlement. Neutron irradiation of steel parts in nu-
clear reactors usually results in a significant rise in the ductile/brittle
transition temperature of the steel. Metallurgical factors such as heat
treat practice, microstructure, vacuum degassing, impurity control,
and steel composition greatly affect susceptibility to this type of grain-
boundary weakening.

Hydrogen embrittlement, Hydrogen atoms diffuse readily into steel
during processes such as acid pickling, electroplating, arc welding
with moist or wet electrodes, and exposure to hydrogen sulfide. After
stressing, delayed brittle fracture may occur, particularly in higher-
strength steels.

Stress-corrosion cracking. Simultancous exposure to a tensile stress
(applied or residual) and to a relatively mild corrosive environment
may cause brittle fracture in metal parts that may be either intergran-
ular or transgranular, depending on conditions. If either factor is elim-
inated, stress-corrosion cracking cannot occur.

Liquid-metal embrittlement. Certain liquid metals can embriitic
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the solid metals with which they are in contact. A tensile stress is
also required for brittle fracture to occur.

Each of the above types of embrittlement is the result of exposure
to one or several environmental factors during manufacture, storage,
or service. Each type is extremely complex and must be considered
during any failure-analysis investigation.

COMBINED FRACTURE MODES

SUMMARY

It must not be assumed that brittle fracture always occurs solely by
the cleavage or the intergranular fracture mode as described above.
In most cases one mode predominates but is not necessatily the only
mode. For example, in a predominantly intergranular fracture, there
probably will be regions, large or small, in the fracture surface that
contain cleavage fracture as well. The reverse also is true. In other
words, the mode of fracture that occurs at a particular Jocation de-
pends on the local composition, stress, environment, imperfections,
and crystalline orientation of the grains. There may also be regions
of tough, fibrous, dimpled-rupture fracture, particularly away from
the origin of the major fracture.

It should be noted that cast metals generally tend to be less ductile
(or more brittle) than wrought metals of the same composition under
the same conditions. The reason is that various types of casting im-
perfections — particularly shrinkage porosity, gas porosity, and cer-
tain types of inclusions—act as internal stress concentrations in cast-
ings. In wrought metals the hot working process closes the porosity
and changes the shape of many inclusions to long, thin stringers, which
are usually less harmful.

REFERENCES

As can be seen from the study of the preceding sections, the subject
of brittle fracture is exceedingly vast and complex, with many inter-
related factors of material, design, manufacture, quality control, and
environment, both thermal and chemical. Study of the references cited
is urged as well as those in the more recent literature.

1. Symposium on Effect of Temperature on the Brittle Behavior of Metals
With Particular Reference to Low Temperatures, American Society for



RITTLE FRACTURE

103

Testing and Materials, STP 158, 1954, p 3-110, 116-118

2. Deformation and Fracture Mechanics of Engineering Materials, by

Richard W. Hertzberg, John Wiley & Sons, 1976, p 229, 544

. Ref 2, p 569-573

. J. Test Eval., J. A. Benneit and H. Mindlin, 1973, p 152

. Scanning Electron Microscopy, by D. B. Ballard and H. Yakowitz,

Illinois Institute of Technology Research Institute, 1970, p 321

6. Metals Handbook, 8th Ed., Vol 1, American Society for Metals, 1961,
p 225-243

7. Metals Handbook, 9th Ed., Vol 1, American Society for Metals, 1978,
p 683-709

8. Metals Handbook, 8th Ed., Vol 10, American Society for Metals, 1975,
p 78-82, 93-94

9. Brittle Behavior of Engineering Structures, by Earl R. Parker, John Wiley
& Sons, 1957

0. Control of Steel Construction to Avoid Brittle Fracture, edited by
M. E. Shank, Welding Research Council, 1957

Y. Investigation of Hydrotest Failure of Thiokol Chemical Corporation 260-
Inch-Diameter SL-1 Motor Case, by I. E. Srawley and J. B. Esgar,
NASA TM X-1194, National Aeronautics and Space Administration,
Washington, D.C.

L doe W2

elected References for Further Study

‘ractography: Microscopic Cracking Frocesses, cdited by C. D, Beachem
and W. R, Warke, American Society for Testing and Materials, STP 600,
1976

‘racks and Fraciure, American Society for Testing and Materials, STP 601,
1976

npact Testing of Metals, American Society for Testing and Materials, STP
466, 1970

pplication of Fracture Mechanics for Selection of Metallic Structural Ma-
terials, by J. E. Campbell, J. H. Underwood, and W. W. Gerberich,
American Society for Metals, 1982



110 UNDERSTANDING HOW COMPONENTS FAIL

T

S e

Ry

Ly EtraNicait g )

e
g
i -

e

ety e
T BEESER es)
AT

{c)

{a} At 6 magnification, shows internal cracking, reduced section, and severely de-
formed grain structure.
{b) At 50% magnification, shows one farge crack and several smaller cracks and
elongated grains.
(c} Al 250X magnification, shows lack of fit due to distartion; also elongated fersite
{light) and pearlite {dark) areas. See fext.
Fig. 5. Photographs at three different magnifications {shown here at
75%) of longitudinal section of tensile test specimen of hot rolled 1020
steel. Test was stopped immediately prior to fracture {region c of Fig.
4).

Figure 5 shows the behavior that occurs within a typical ductile
metal immediately prior to fracture due to a tensile force. Detailed
study of these three photographs is instructive.®

Figure 5(a) is a photograph at low magnification (6X) of the necked-
down portion of a tensile specimen made from hot rolled 1020 steel
immediately prior to fracture. In order to make this study, it was nec-
essary to stop the test after the maximum load had been attained, in
the region of the stress-strain curve just prior to the fracture at “X"
in Fig. 4. The specimen was sectioned longitudinally and metallo-
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Fig. 7. Influence of direction of principal normal stress on the shape
of dimples formed by microvoid coalescence. See text for discussion,
(Ref 7)

han at the center. This is due to a bending force on the part which
rauses tensile fracture with equiaxed dimples at the region close to
he origin, while the actual tensile tearing causes the C-shaped dim-
sles to form near the end of the fracture, opposite the origin.

In addition to these three basic modes of microvoeid coalescence
ind fracture, there are several others described in Ref 6 and shown
n Fig. 8. The three modes just discussed appear at the upper left of
he figure.

CAUTIONS IN INTERPRETATION l/
&

Al this point, it is prudent to insert some cautions about interpretation
) the evidence visible with this type of microscopic examination. The



UNDERSTANDING HOW COMPONENTS FAIL

—-Stress state—— ——Dimple shapes —— ——-5tress state —— - Dimple shopes— —
Seen Seen on the Seen Seenon he
—— through——— —fracture—, —theough——— —fratlure—y
metal surface metal . surface

Do [eorios [Jree [lsorrou

I aN o C
%/ Y I < [

.,7 - — Va ~
o= —  mEn & ¢ U
\—*—7 Mode I {opening mode} ———— I .

*——————Combined mo(de/s Lend TE A
=7 N

.~ Combined modes T and If ————

—~gt
27
~ i ~~

\————Combined modes E ond I “————Combined modes I, and TI
* Modes and combinalions of modes that hove been observed

Fig. 8. Fourteen probable combinations of mating dimple shapes, re-
sulting from different stress states that caused metal at the crack tip
to deform by various modes. (Ref 7)

analyst must be aware of complicating factors extraneous to the frac-
ture itself:

1. Mechanical Damage. The fracture of a metal part is always a
violent event because of the sudden release of energy. Fracture
surfaces frequently are rubbed or pounded against each other,
causing rub marks, abrasion, dents, smearing or other scars of
postfracture damage. It is not unusual for much of the fracture
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surfaces to be obliterated so that microscopic examination as
discussed above is difficult or impossible. The microscopic fea-
tures on fracture surfaces are fragile and are easily damaged;
when this occurs, one must rely on the macrofeatures of the part
or parts for useful evidence in analyzing the fracture.

2. Chemical Damage. Surface pits resembling the dimples of duc-
tile fracture may instead be the result of severe etching with
corrosive acids (or bases, in some metals) or of cleaning tech-
nigues used to remove atmospheric corrosion. In other cases, a
corrosive film, or layer, may have formed on the fracture surface
and completely obliterated the underlying character of the sur-
face.

3. Cavities May Not Be Dimples. In certain metals, cup-like cav-
ities may be present on a fracture surface, but the cavities may
not be the dimples characteristic of ductile fracture. In cast met-
als and weldments, particularly, this type of rounded cavity may
actually be evidence of gas porosity. Gas porosity occurs be-
cause the inevitable gases in castings and weldments (which are
actually localized castings) cannot escape to the atmosphere be-
fore the metal solidifies and traps the gas in tiny, smooth-walled
bubbles within the metal. This is particularly true in welds in
metals such as aluminum, which has a high rate of thermal con-
ductivity. In effect, large, cold members having high thermal
conductivity act as heat sinks, causing rapid solidification of the
weld metal and entrapping gas bubbles before they can escape.
In ductile fractures of metals with extensive gas porosity, it may
be quite difficult to determine which cavities are true dimples
and which are evidence of gas porosity.

4. Mixed Fracture Modes. During study of a fracture surface, one
should not be surprised to find different fracture modes. A pre-
dominantly ductile fracture surface may have certain locations
with cleavage or intergranular fracture because of differences
within the metal. These differences may result from crystalline
orientation with respect to the fracture stress, or from differ-
ences in the microstructure of the metal. A steel with a partly
pearlitic, partly ferritic microstructure, for example, may frac-
ture with dimpled rupture in the ferrite regions but fracture by
cleavage in the pearlite regions. A notched-bar impact test spec-
imen may fracture by cleavage in some areas and with dimpled
rupture in others. A hydrogen-embrittlement fracture may have
certain areas with intergranular fracture and others with dimpled
rupture. No true fatigue striations are possible in a single-
overload fracture; however, there may be somewhat similar-
appearing paralle! ridges resulting from fracture through pearlite
or other lamellar structures, or resulting from mechanical rub-
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SUMMARY

bing either during or after the fracture. These spurious marks
may resemble striations that may confuse the analyst, who has
a difficult task even without these complications. Of course, if
cyclic loading has in fact occurred, true fatigue striations may
also be present in addition to any or all of the other fracture
modes. See Chapter 10 on Fatigue Fracture for more informa-
tion.

REFERENCES

Ductile fracture occurs when the shear strength is the limiting factor.
Permanent (plastic) deformation is inherent in ductile fracture and is
usually obvious. The micromechanism of dimple formation and dis-
tortion must be understood in order to study electron microscope views
of ductile-fracture surfaces.

1. Metals Handbook, 8th Ed., Vol 10, American Society for Metals, 1974,
2. Rf?tlc;sg iiandbook, 8th Ed., Vol 10, American Society for Metals, 1974,
3. Jlidifa_i; ?’fandbook, 8th Ed., Vol 9, American Society for Metals, 1974,
4, 1};4’22;1:;6 Eiandbook, 8th Ed., Vol 10, American Society for Metals, 1974,
5. g/]ifga_l? E‘)Qeference Book, 2d Ed., American Society for Metals, 1983, p
6. J?;etais Handbook, 8th Ed., Vol 9, American Society for Metals, 1974,
7. Rfﬁ?alls Handbook, 8th Ed., Vol 10, American Society for Metals, 1974,
p 91-92, and Metals Handbook, 8th Ed., Vol. 9, American Society for
Metals, 1974, p 79-80
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This scanning electron microscope fractograph shows the roughly horizontal ridges
which are the advance of the crack front with each load application. The crack pro-
gressed in the direction of the arrow. 2000%; shown here at 90%.

Fig. 3(a). Fatigue striafions in low-carban alloy steel (8620).

In this test, the specimen was loaded 10 cycles at a high stress, then 10 at a lower
stress, and alternated with these stresses as the fatigue crack continued to propagate.
This produced 10 large striations, then 10 small striations, alternately, across the frac-
ture surface. 4900%. (Ref 5}

Fig. 3(b). Fatigue striations showing the result of spectram loading in
a laboratory test of aluminum alloy 7075-T6.
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ta) Numerous fatigue ofigins separated by radial ratchet marks.

) Close-up of several fatigue origins separated by ratchet marks. Since this bolt was
in a continuously aperated test machine, there is no evidence of beachmarks on the
fatigue areas. These areas are at a slight angle to the axis of the balt, as seen in {c).

(c) Fatigue cracks in root of thread farrows) that have not yet grown large enough
to come close to the neighboting cracks to form ratchet marks between them. Note
slight angle of fatigue cracks that form ratchet-like appearance upon fracture.

Fig. 7. Multiple-origin fatigue fracture of a short, stubby 3/g-in. bolt
that fractured under tensile fatigue,

each ring shows the size of the trunk at a given time. By counting
rings, it is possible to determine the age of the tree. Striation counting
is usually not practical because of the very large number, but it could
indicate the number of load applications that made the stage 2 crack
enlarge. However, this would provide no clue about the total number
of load applications, since those of stage 1 would not be recorded.

* Both striations and beachmarks expand from the fatigue origin or
origins, often in a circular or semicircular fashion. This is analogous
to circular ripples expanding from the location where a stone is thrown
into still water. Obviously, the ripples in the water rapidly disappear,
whereas striations and beachmarks leave a record, unless they are
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Presence of numerous ratchet marks (small shiny areas at surface) indicates that
fatigue cracks were initiated at many locations afong a sharp snap-ring groove, The
eccentric pattern of oval beachmarks indicates that the load on'the shaft was not bal-
anced; note final rupture area (stage 3) near left side.

Fig, 10. Surface of a fatigue fracture in a 1050 steel shaft, with hard-
ness of about HRC 35, that was subjected to rotating bending,

least two means: increasing the hardness (strength) level by more ef-
fective heat treatment or using a higher-quality metal with fewer in-
ternal discontinuities, such as a vacuum-treated steel. The resultant
stress level can be decreased by redesigning to permit a more gen-
erous radius in the fillet, or, if that is impracticable, by putting an
undercut radius into the shoulder; or by mechanically prestressing the
fillet with shot peening or surface rolling. See Chapter 7 on Residual
Stresses for more information. Either shot peening or surface rolling,
when properly performed, induces compressive residual surface stresses
to neutralize the cyclic tensile applied stresses which cause fatigne
cracks to form and propagate. This mechanical prestressing can be
considered either as increasing the general strength level or as de-
creasing the maximum cyclic tensile applied stress level. In either
case, the resuit is the same: improved fatigue performance.
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Test was stopped because fatigue crack went about one third of the way around
the 0.250-in.-diam test specimen, after being continuously tested at a maximum bend-
ing stress of 150,000 psi for 9,300,000 cycles. Crack penetrated partway through the
core {black arrow) but was left for many months until the specimen was deliberately
broken open {light-colored area). The dark color of the original fatigue fracture area
was the result of corrosion from the almosphere in the laboratory. 12X.

Fig. 12(a). Subsurface fatigue origin (white arrow) ona reversed bending
fatigue specimen of carburized low-carbon alloy steel.

Fatigue Under Compression Forces

A secemingly puzzling type of fatigue crack is one that grows in a
part, or a region of a part, that is stressed in compression when the
part is under load. However, it is not really difficult to analyze this
phenomenon if one understands the mechanical formation of residual
stresses. Review of Chapter 7 on Residual Stresses is recommended,
particularly the section on mechanical residual stresses.

It may be recalled that the general principle of mechanically in-
duced residual stresses is that “tensile yielding under an applied load
results in compressive residual stresses when the load is released, and
vice versa.” Fatigue under nominal compressive loads is explained
by the “vice versa” part of the above statement — that is, “com-
pressive yielding under an applied load results in tensile residual stresses
when the load is released.” This type of fatigue fracture can be il-
lustrated with the example of the Belleville spring washer, a hardened
spring steel washer that is cone-shaped in order to give high spring
rates in limited space, as shown in Fig. 13.
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The primary fatigue fracture originated at A, white a smaller crack was progressing
at B. Note that no beachmarks are visible because of the continuous testing and that
both origins are near the inner edge of the induction-hardened zone. The larger fatigue
crack tfrom A} was in the left third of the fracture before it triggered a brittle fracture
in the case (notice the chevran marks at tower right) and ductile fracture in the core.
{Ref, 5)

Fig. 12(b). Subsurface-origin fatigue fracture in an induction-hard- )
ened 3.25-in.-diam 1541 steel axle which was continuously tested in
rotating bending fatigue in the laboratory.

When this type of spring washer is pressed flat, the upper surface
and corner of the hole are heavily compressed in a triangular pattern
around the hole, as shown by the shaded area in Fig. 13(b). The
compressive stress may be so high that the metal yields compressively
around the hole. That is, the circumferential compressive stress on
the upper side of the plate at the hole forces the metal to yield com-
pressively when the spring washer is pressed flat. When the fatigue
load is released, the washer springs back to its original position and
the upper surface now is stressed in residual tension as a result of
compressive yielding when the load was applied. This is in accord-
ance with the “vice versa” part of the mechanical residual stress prin-
ciple quoted above. Consequently, the fatigue action causes the nec-
essary tensile stress at this location when the load is released, not
when it is applied. With continued operation, radial fatigue cracks
will form at the upper corner, as shown in Fig. 13(b) and (c). These
cracks are innocuous and do not affect operation because they will
not progress to cause fracture. In time, however, normal fatigue cracks
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Fatigue cracks

(b}

Fatigue cracks

{c)

The spring, actually a cone-shaped spring steel washer, is shown in the free con-
dition in (a), and in the flattened condition in (b). When flat, the corner of the hole
on the convex {upper) side hecomes compressively yielded, causing tensile residual
stresses when the load is released. Repetitive foading to the flat condition causes radial
fatigue cracks to form an the convex side (b and ¢}, but the cracks do not cause frac-

ture, Eventually, independent fatigue cracks will form on the lower (concave) surface
that will lead to complete fracture. See text.

Fig. 13. Sketch of a Belleville spring washer showing how fatigue cracks
can form in a nominally compressive stress area.

form at the lower corner of the hole that may eventually cause com-
plete fracture, for this location is stressed in tension when the load is
applied.

The solution for this “compression” type of cracking often lies in
the field of design, as well as in heat treatment to increase yield strength.
In the case of Belleville spring washers, they are frequently made with
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Mote that the final rupture zones (fast-fracture zones) on the left half of the figure,
which had 2 high nominal stress, are considerably larger than the corresponding final
rupture zones on the right half, which had low nominal stresses. The individual lines
in the sketches represent the general configuration of the progression of the fatigue
crack, as recorded by possible submicrescoplc striations and macroscopic beachmarks.
The long dashed lines in reverse and unidirectional bending indicate the bending axes.
Also note the radial ratchet marks between origins of the high nominal stress fractures.

in the torsional fatigue fractures {bottom row) note that unidirectional fatigue {left)
is at an approximate 45° angle to the shaft axis, while reversed torsional fatigue of a
cylindrical shaft {second from right) has an X-shaped pattern with the origin in either
the longitudinal or the transverse direction. Torsional fatigue cracks in stress concen-
trations tend to be very rough and jagged because of the many 45° cracks.

Fig. 15. Schematic representation of fatigue-fracture surface marks

produced in smooth and notched cylindrical components under var-
ious loading conditions. {Modified from Ref 6)

radial slots from the hole outward, so that a serfes of “fingers” are
the springs that carry the axial compressive force. The slots interrupt
the continuity of the circular hole and prevent circumferential com-
pressive and tensile yielding. Shot peening is commonly used on these
and many other springs to prevent fatigue fractures.
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Note that the final rupture zones (fast-fracture zones} on the left half of the figure,
which had a high nominal stress, are considerably larger than the corresponding final
rupture zones on the right half, which had low nominal stresses. The individual lines
in the sketches represent the general configuration of the progression of the fatigue
crack, as recorded by possible submicroscopic striations and macroscopic beachmarks.
The long dashed lines in reverse and unidirectional bending indicate the bending axes.

Note that fatigue origins at corners of rectangular shapes or at ends of drilled hotes
are quite commaon in this type of part. Also, multipfe fatigue origins are quite common
with parts under high nominal stress; ratchet marks perpendicular to the surface sep-
arate adjacent fatigue areas.

Fig. 16, Schematic representation of fatigue-fracture surface marks
produced in components with square and rectangular cross sections

and in thick plates under various loading conditions. (Modified from
Ref 6)

Other parts that develop fatigue cracks under nominal “compres-
sive” loads should be studied with an eye to reducing the possibility
of yielding when the compressive load is applied. The point to re-
member is that compressive yielding can result in tensile residual stresses
that can cause fatigue cracking when the load is released. The cracks
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Note smooth origin region {arrow) and gradually coarsening fracture surface as the
fatigue crack progressed. Note that there was a thread groove running around the pe-
riphery and that the fracture origin is in the root of the thread. However, the nominal
stress was quite [ow because the part was still intact and operating even though the
fatigue crack had gone nearly all the way through the section, This indicates that only
a shight improvement in the thread groove would be necessary lo prevent this type of
long-term fracture.

Fig. 17. Large axle shaft of medium-carbon steel with fatigue fraciure
across most of the cross section before final rupture.

may be harmless to service operation, but they certainly are not de-
sirable and should be prevented.

Thermal Fatigue

A somewhat similar type of fatigue fracture is caused not by repetitive
mechanical stresses but by cyclic thermal stresses. Review of the sec-
tion on thermal residual stresses in Chapter 7 will help the analyst
understand how thermal residual stresses are formed.

The basic principle to recall is that the metal that cools last will
have tensile residual stresses; also, for thermal residual stress 10 oc-
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ta)

{b)

This part was subjected to unidirectional bending stresses normal for the operation.
The metal was a medium-carbon steel with a hardness of HB 217 to 229. From the
origin areas at the bottom, the fatigue cracks progressed up both sides of the tube and
joined at the small final rupture area at the top. Note the increasing coarseness of the
fracture surfaces as the cracks grew from bottom to top.

Fig. 18. {a) Fracture surface of a 3.6-in.-diam axle housing tube show-
ing four major fatigue-fracture origins (arrows) at the bottom. (b) Or-
igin areas at higher magnification, Beachmarks are clearly seen. Small
areas of postfracture damage are present, but in general the fracture
is in excellent condition after careful cfeaning.
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Note the symmetrical fatigue pattern of beachmarks on each side, with the final
tupture on the diameter. This indicates that each side of the shaft was subjected to the
same maximum stress and to the same number of load applications.

Fig. 19. Reversed bending fatigue of a 1.6-in.-diam shait of 1046 steel
with a hardness of approximately HRC 30,

cur, it is necessary to have both heat and restraint. If, for example,
a sharp edge of a part is repetitively heated and cooled while the
restraining bulk of the part remains relatively cool, the sharp edge
will expand when heated and contract when cooled. That is, the sharp
edge will develop compressive forces and yield compressively when
hot because of the lower strength and lower modulus of elasticity at
the elevated temperature. When the edge is cooled, tensile residual
stresses will form; if this action is repeated many times, thermal fa-
tigue cracks will develop and will tend to grow each time the metal
is cooled from the elevated temperature, for it is at that time that the
tensile residual stress is again applied. When the metal is hot, the
cracks will tend to close, although this will probably be resisted by
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At E: e

The multiple-origin fatigue at the bottom was caused by the tendency of normal
wheel loading to bend the spindle (lower right) of the knuckle upward. The fatigue on
the upper side (smaller area} of the fracture was caused by turning maneuvers in which
the wheel acis as a lever to bend the spindle downward. Note the many radiaf ratchet
marks on the fatigue surfaces, The part had been overloaded during service.

Fig. 20. Reversed bending fatigue of an alloy-steel steering knuckle at
a hardness level of HRC 30 with nonuniform application of stresses.

an accumulation of oxide scale or other products of combustion from
the high-temperature atmosphere. In fact, these products in the crack
can act as a wedge and increase the compressive yielding when hot,
so that the tensile residual stress that forms on cooling is increased.

Since both heat and restraint are necessary for thermal residual stresses
to occur and repetitive thermal cycling is necessary for thermal fa-
tigue, the methods to prevent such fracture should become obvious.
If restraint is internal within the part, as described above with the
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Note the many separate origins on each side and the very thin final rupture region
separating the two fatigue areas on each half. Many other fatigue cracks were present
in the reduced section, for this was designed to have a relatively uniform stress in the

reduced section.
Fig. 21. Reversed bending fatigue of a flat !/s-in. plate of a high-strength,
low-alloy steel test specimen, designed with tapered edges to prevent
fatigue origin at the corners,
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Final Rupture

Direction of Rotation

The fatigue crack originated at the lower teft corner of the keyway and extended
almost through the entire cross section before final rupture occurred, A prominent
beachmark pattern is visible, appearing to swing counterclockwise on this section be-
cause the rotation was in a clockwise direction.

Fig. 22, Rotating bending fatigue fracture of a keyed shaft of 1040
steel, approximately HRC 30,

- sharp edge, it may be possible to reduce the restraint by permitting
~ the part to expand more uniformly when it is heated, instead of having
“ Just the sharp edge expand, If this is not practical, it may be possible -

* 1o blunt the sharp edge by changing the shape, so that this action is
ot concentrated on a thin section. Or it may be possible to reduce
- the thermal gradient within the part by permitting more of the metal

- to be heated, or to design curves into the part so that expansion and
contraction forces simply change the shape of the part instead of de-
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The part was designed with a large radius joining the shaft to the shoulder, but it
was machined with a sharp tool mark in the fillet. Multiple-origin fatigue around the
periphery proceeded uniforraly into the shaft, finally fracturing with a final rupture
region in the center of the shaft.

Fig. 23. Rotating bending fatigue fracture of a 2-in.-diam 1035 steel
shaft, hardness HB 143.

veloping potentiaily destructive tensile residual stresses. This is the
reason that expansion loops are designed into high-temperature pip-
ing, such as steam lines. It is also the reason that expansion joints
are necessary in bridge and road design. See Ref 7 for more infor-
mation on thermal fatigue.
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The fracture started in six fillet areas around the periphery, near the runouts of six
grooves, The six fatigue areas penetrated separately, but uniformly, to final rupture at
the center, The bright, shiny, flat areas are regions of postfracture rubbing against the
opposite surface. Grinding damage in the fillet was the cause of this fracture.

Fig. 24. Rotating bending fatigue fracture in a 4817 steel shaft, car-
burized and hardened to a surface hardness of HRC 60.

As in so many types of metal failure, once the principles behind a
problem are understood, then one can identity the problem and cre-
atively seek ways to eliminate it.

Corrosion Fatigue

As if fatigue itself were not a complicated enough type of failure, it
is further complicated by the addition of a corrosive environment.
Corrosion fatigue is the combined simultaneous action of repeated or
fluctuating stress and a corrosive environment to produce surface-
origin fatigue cracking. In one sense, all fatigue fractures should be
considered as corrosion fatigue fractures, for the action of the envi-
ronment within the fatigue crack is critical to the success or failure
of the part involved. The fatigue strength of a part or metal in an inert
environment, where there is no corrosion, is higher than that of the
Same part in an aggressive environment where corrosion may play a
significant role.

Both corrosion and fatigue are complex subjects that must be under-
stood separately before they can be understood in combination. For
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The very prominent steps and beachmarks were the result of severe overloading
during starting and clutching with a very aggressive friction malerial in the clutch,
Though this was a [aboratory test, it was not operated continuousty and thus more
closely resembles fracture from actual vehicle service.

Fig. 25. Bending-fatigue fracture through the cheek of a diesel-engine
crankshaft,

this reason, the subject of corrosion fatigue will be studied further in
Chapter 13 on Corrosion.

Bolt Fatigue
Assuming that a bolted joint is properly designed and assembled, and
that the mechanical properties of the bolt and nut are normal, fatigué
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In an axially loaded part such as this, fatigue fracture can start anywhere in the cross
section. In this case, a forging “'flake” caused fatigue to start near the center of the
section and to grow outward in a circular fashion until it was about 5.2 in. in diameter,
at which time final rupture accurred in one load application. At no time did the fatigue
crack reach the surface of the large shaft. Use of a vacuum-degassed steel would have
prevented the flake that caused this type of fatigue failure,

Fig. 26. Tensile fatigue fracture starting near the center of an 8-in.-
diam piston rod of a forging hammer, made of low-carbon alloy steel
hardened to HRC 24 at the surface and HRC 17 at the center.

- fracture of the bolt cannot occur unless the cyclic separating force
exceeds the clamping force of the bolt. This can occur if the cyclic
separating force is too high or the clamping force is too low, or both.
This principle is true no matter how the joint is loaded. It is simplest

- to illustrate with a model that assumes a tensile separating force, as

- shown in Fig. 14 (p 141) and explained in the following discussion.
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The arrow indicates the longitudinal shear fatigue origin, which then changed di-
rection and grew to the smali circular beachmark, or “hato.” Final brittte fracture {note
chevron marks in case} caused complete separation with the characteristic 45° brittle
fracture in torsion.

Fig. 27. Torsional fatigue fracture of a 1050 steel axle shaft induc-
tion-hardened to about HRC 50.

A bolt is really a very stiff spring, because all metals are elastic.
Figure 14(a) shows a typical bolted joint, in which a tensile force in
the bolt O and tightened nut P squeeze parts R and S with a clamping
force at the joint, as shown by the arrows. The tensile force in the
bolt, caused by tightening of the nut, obviously is equal to the clamp-
ing force holding the joint together.

This principle can be demonstrated by replacing the stiff-spring bolt
with a soft spring scale in a jointed frame. Figure 14(b) shows a 25-
pound spring scale T which can be adjusted with a wing nut U to
clamp the joint together. The separating force is provided by another
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Reversed torsional faligue causes approximately 45° spiral fatigue cracks on opposite
diagonals. The original shear crack was in the longitudinal shear plane; then each pair
of torsional fatigue cracks developed at a 45° angle to the shaft axis.

Fig. 28. Close-up of a reduced area on a medium-carbon steel drive-

shaft showing the X-shaped crack pattern characteristic of reversed
torsional fatigue.

spring scale V which can be pulled to various steady or cyclic loads
by the handle.

If the clamping force is set at 20 pounds, the joint cannot separate
nor can the force in the “bolt” (spring scale) exceed 20 pounds if the
cyclic separating force does not exceed 20 pounds, as shown in Fig.
14(c), cycling between 5 and 15 pounds.

However, if the cyclic separating force is raised to a range of 15
to 25 pounds, the actual force on the “bolt” spring scale increases to
25 pounds because the forces are in series, as shown in Fig. 14(d).
When this happens, the joint actually separates and the “bolt” undet-
goes a cyclic force that could lead to fatigue fracture.
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In this case, the original crack was in the transverse shear plane, not in the tongi-
tudinal shear plane as in Fig. 28.
Fig. 29, Characteristic X-shaped crack pattern in a 1045 steel crank-
shaft after testing in reversed torsional fatigue in a special machine,
not in an engine,

Similarly, if the clamping force drops to 10 pounds, cyclic forces
in the “bolt” again can occur, although at a lower level, as shown in
{e). When the actual force on the “bolt” exceeds the clamping force,
the joint separates and the “bolt” again is subject to fatigue fracture.

This principle is also discussed in some detail in Ref 8.

STATISTICAL ASPECTS OF FATIGUE

In discussion of laboratory fatigue testing, the term “scatter” was used
to describe the variability of fesults, or the fact that not all specimens
tested at a given load or stress fracture at the same life, or number
of stress cycles. Supposedly, the specimens are identical; actually,
however, they cannot be identical even though they have the same
nominal dimensions, chemical composition, heat treatment, etc. The
yeason is that each specimen is composed of a very large number of
different grains, or crystals, each of which has different orientation
and imperfections. Before the fatigue test, we have no idea where or
when fatigue will originate and propagate to fracture.

Let us try to explain this variability with a simple analogy:

Assume that the critical area has a million grains, as was done



FATIGUE FRACTURE

157

j:lr;zrillip

itlEli}[!ili‘lj!ti‘}l}I’EEI]I’lllli].!il‘lllllllll

tadotodatrboda

l“!’“l.‘ltt

];lx "]'1'1
NOHES

dndnalatadatn

ek . al-[,h!.nl.l, nluicll!’yl‘hlv

.1»!mfu.i.IJ.l.l.l.hl.l.p]smm!mf«.‘.n.l.x.f‘r,iw

fach of the 32 spline teeth has two fatigue cracks, each at 45° to the shaft axis, that
form a V-shaped region. In addition, there are longiwdinal radial fatigue cracks that
penelrate nearly to the center of the shaft. This type of fatigue progresses at each lo-
cation where a shaft enters an internal spline, and is repeated if there is an internal
spline at another location on the shaft. These cracks surround partions of the metal,
forming essentially wedge-shaped segments, somewhat like thase of an orange.

Fig. 30. Reversed forsional fatigue of a 6%4-in.-diam spline shait showing
the characteristic “starry” pattern of multiple fatigue cracks,

earlier when discussing fatigue origins, or that we have a population
of a million “identical” parts to operate at one load or stress level.
Compare these “identical” grains or parts with a million “identical”
kernels of popcorn, which are actually miniature pressure vessels. When
all kernels are placed in the same environment (hot air or hot oil),
the internal pressure in each kernel increases as the moisture turns to
steam, Eventually, the internal pressure (or stress) will equal the strength
of the hull, the strong exterior of the pressure vessel. When this hap-
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Torsional fatigue has caused many of the surrounded segments to fafl out of the shaft.
Note that the longitudinal cracks penetrated nearly to the center of the shaft. This part
is made from low-carbon alloy steel with a hardness of HRC 24 in the shaft area.

Fig. 31. A “starry” spline fracture similar to that in Fig. 30 due to
reversed torsional fafigue on a 1'/z-in.-diam spline.

pens, the hull will fracture, the steam is released, and we say that a
kemel has “popped.”

However, note the way in which the kernels fracture, or “pop.”
The million kernels do not go “bang” all at the same time, but instead
first one pops, then another, and another, until they are popping fu-
riously. Gradually, the popping tapers off until a few are left that do
not fracture (and we throw them away!).

The “random” sequence of popping (actually fracturing) can be ex-
plained as follows: The first kernel to pop is the one in which the
internal pressure first reaches the fracture strength of the hull. The
next one to pop is the next in the sequence, and so on. The kernels
that do not pop at all are those in which, for some reason, the moisture
content is low, the strength of the huil is high, or the hull had a hole
or crack that permitted the steam to leak out without building up pres-
sure to the fracture stress.
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The fatigue crack originated in the corner A of the keyway from pressure of the key
aligning a large hub to the shaft, The fatigue crack progressed completely araund the
shaft, under the keyway, and started around again, all in a clockwise direction, before
final separation occurred and nearly broke off the “wing” at left. The only thing nec-
essary to prevent this type of fracture is to make sure that the large nut which forces
the hub to fit tightly against the tapered surface does not come loose. If the nut is
toose, the key and keyway, rather than the frictional fit of the conical foint, carry the
tarsional force,

Fig. 32. Torsional fatigue fracture in a 3%g-in.-diam keyed tapered shaft
of 1030 steel characierized by “peeling” that progresses around the
shaft.

The point is that there is no way that we can determine in advance
which kernels will pop first, which will be in the main group, or
which will not pop at all. The popping occurs in a rough distribution
curve of the entire “pop”-ulation, although there are some “runouts”
that do not fracture, as in fatigue testing near the fatigue limit, The
variation in time to pop is analogous to the scatter in cyclic fatigue
life of a group of specimens that are as supposedly identical as are
the popcorn kernels.

Because of the scatter in fatigue-testing results and in parts subject
to fatigue loading in service, there have been many statistical methods
used to try to describe and control this problem. All have limitations
in trying to predict the fatigue behavior of a group of parts. Some of
the suggested references contain statistical information which is be-
yond the scope of this work.
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It can be seen that tooth A fractured first, for it has the kargest fatigue area, originating
in the fillet on the arrow side of the tooth. Gear teeth are carefully shaped cantilever
beams and ¢an be diagnosed in this way. Fracture of the first tooth caused abnormal
loading on the adjacent teeth and they also rapidly fatigued, for the mating gear did
not now mesh properly with them. Considerable smashing and battering of adjacent
teeth is noimal after gear-tooth fracture.

Fig. 33. Bending fatigue fractures in several teeth of a 8620 steel spur
gear, carburized and hardened to HRC 60 in the case,

EXAMPLES OF FATIGUE FRACTURE

SUMMARY

Since there are a very large number of types of parts and materials
that can undergo fatigue fracture, it is impossible to show examples
of all combinations. However, a few of the most common types are
shown schematically in Fig. 15 and 16 and in the photographs (Fig.
17-33) that follow. Many others are shown in Volumes 9 and 10 of
Metals Handbook, Eighth Edition, and many of the other publications
devoted to the subject of fatigue and fatigue fracture.

Fatigue fracture is a progressive type of fracture that may occur under
normal service operation in three stages: (1) initiation, by a submicro-
scopic shear, or slip, mechanism that causes irreversible changes in
the crystal structure of the metal; (2) propagation, by an increasingly
rapid progression of the tip of the fatigue crack in microscopic ad-
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vances; (3) final rupture, which is final separation, or fracture, into
two or more parts by a single load application.

Fatigue fractures have several microscopic and macroscopic fea-
tures that may enable them to be properly identified. These include
lack of permanent deformation in the origin area, striations, beach-
marks, and ratchet marks. Unfortunately, these features are not al-
ways present or readily observable on the fracture surfaces, depending
upon the characteristics of the metal itself, the type of operation to
which it was subjected, and possible obliteration by pre- or post-frac-
ture damage by mechanical and/or chemical action.

Compression fatigue and thermal fatigue are understood most easily
with the aid of residual-stress principles.

Fatigue fracture is highly subject to statistical variations because of
the submicroscopic origins and internal differences in parts. Thus,
there is usually considerable variation, or scatter, in fatigue life of
supposedly identical parts. For this reason, fatigue fractures are dif-
ficult to predict with any accuracy, except in terms of statistical prob-
ability, as discussed in several of the references.

REFERENCES

1. Metals Handbook, 8th Ed., Vol 1, American Society for Metals, 1961,
plé

2. Estimation of Fatigue Life With Particular Emphasis on Cumulative
Damage, by Milton A. Miner, in Metal Fatigue, edited by G, Sines and
I. L. Waisman, McGraw-Hill Book Co., 1959, p 278-292

3. Metals Handbook, 8th Ed., Vol 10, American Society for Metals, 1975,
p 97

4. Metals Handbook, 8th Ed., Vol 10, American Society for Metals, 1973,
p 101

5. Metals Handbook, 8th Ed., Vol 9, American Society for Metals, 1974,
p 68-70, and 85-89

6. Metals Handbook, 8th Ed., Vol 9, American Society for Metals, 1974,
p 43-44

1. Metals Handbook, $th Ed., Vol 10, American Society for Metals, 1975,

_ p 122-123, 252
8. Metals Handbook, 8th Ed., Vol 10, American Society for Metals, 1975,

' p 472-475

Selected References for Further Study

HTRI Fracture Handbook: Failure Analysis of Metallic Materials by Scan-
ning Electron Microscopy, edited by S. Bhattacharyya, V. E. Johnson,
S. Agarwal, and M. A. H. Howes, Metals Research Division, Illinois
Institute of Technology Research Institute, 1979



