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Abstract

Valuable knowledge is available in the literature from documentation on
prior failures that may be used to develop a logical analysis of the causes of
failures that occur in service. Careful investigation, detailed observations, and
sorting of a wide va:;iety of information is important in analyzing how and why a
part failed. The material selection, design, processing and fabrication, main-
tenance and service environment must all be given careful study. All possible
modes of failure should be considered to assure against a recurrence from un-
known factors. A variety of failures are discussed to emphasize the necessity
of foreseeing the influence of the design and processing on response of the metal

to the service environment,
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ANALYSIS OF FAILURES IN METAL COMPONENTS
x

Introduction

In modern equipment operating under severe envircnmental conditions,
a designer is confronted with many complex problems in the selection and evaluation
of the optimum material, processing. expected loadings, and design stresses, Com -
ponents such as turbines, reactors, missiles, submarines, and cryogenic equipment
may be subjected to extremely high or low temperature, corrosive liquids, high
vacuum, progressive deterioration due to radiation damage, surface wear, etc.
From the many "standard” mechanical tests available today, one finds confusion in
the interpretation of existing data as far as its application to a particular design is
concerned. No wonder we have failures! Materials selection must often be confined
to a small group of metals for cutstanding resistance in one characteristic, such as
inertness to the environment in chemical processing equipment. However, many
other factors must be considered such as strength, toughness, fabricability, wear
resistance, etc., before selection and design can be finalized for prevention of
failure.

Detailed aralysis of failures encountered in developing a prototype {or in
a service component) is vital before appropriate changes can be made to assure a
reliable product. I will discuss scme of the causes of failure with techniques of
investigation and illustrate by typical examples some of the interactions that must

be considered in arriving at an accurate and consistent analysis.

Failure Modes

In general, the service failures to be avoided may arise from many causes,

For mechanical equipment, these causes might ke broken down roughly into three

categories; about one-third of the failures occur in each category, as follows:




1. Desigr inadequacies (sharp corners or abnormal stress-raisers,

inadequate fasteners, wrong material or heat treatment, unforeseen
conditions of service, lack of accurate stress analysis, ctc.);

1I. Processing and fabrication (about half of these may be due to metal-

lurgical factors such as quench cracks, improper heat treatment,
forging or casting defects, non-metallic inclusions, etc., and the
other half due to misalignments, weld flaws, improper machining
or assembly, grinding cracks, cold straightening, etc.).

II1. Environmental and service deterioration (including overloads,

chemical attack, wear, corrosion, diffusion, improper main-

tenance, etc.);

(A more derailad breakdown of these three categories is included at the end of
this paper. )

A "failure" simply implies that a member fails to fulfill its intended
function satisfactorily. It usually occurs as: (a) fracture, (b) excess deforma-
tion, or (c) detericration. The failure mechanism is usually a material failure
that is controlled hy the entire environment and history, but all parameters of
the specific compornent must be included to determine the conditions which com -
bined to cause failure.

For example, the relation between the load and the peak stress is not
linear in a riveted joint in an aircraft wing. Hence, a fatigue failure of the wing
(while it is a material failure) is largely dependent upon design and fabrication
rather than solely upon material selection. Slight changes in design and fabrica-
tion details may prevent failure whereas selection of a new matcrial for the same
design may result in duplication of previous failures.

Failures of Catepory I above (design considerations) result from mistakes

or incompetency of the designer. For example, Fig. 1 illustrates flexural fatigue



failure due to a'}éharp fillet and sharp keyway which are known to be poor design,
since they develop large stress concentrations. In other instances press fits,
bolted joints, etc., may result in fretting fatigue failures (such as Fig. 2) that
cannot readily be avoided by selecting an alternate metal or design detail. The
solution here is to seek alternate processing (such as cold rolling or nitriding)
to induce favorable residual compressive stresses to inhibit crack growth.

The variables of processing and fabrication are major factors in deter-
mining the flaw sizes and metallurgical changes that will be built into the structure;
these contribute to the potential danger of failure from fatigue or from brittle frac-

(2,3)"

ture as thesc flawa appreach critical size. Figures 3 and 4 illustrate failures
due to flaws initiated during processing that developed to critical size in service.
The complexity of the contour of the component and the influence of processing
operations must be considered as portions of the environmental conditions; their
influence in altering the mechanical properties must be evaluated (sometimes by
a simulatgd scrvice test) to assurce reliability and safety of operation.

For those failures due to flaws developed by processing or fabrication
(Category 1I), there are few, if any, standard tests that can be used to cover all
of the possible inherent defects that may be induced by such operations as: casting,
forging, welding, machining, grinding, heat treating, plating, chemical diffusion,
or careless assembly operations. It is somectimes difficult to avoid mistakes such
as illustrated in Fig. 5.

As is outlined in Table I each processing operation may induce residual
stresses, modify the mechanical properties by severe cold work in local zones,

or develop a multitude of other localized effects such as underbead cracking,

*Numbers in brackets refer to references in the bibliography.
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local heating, [Qibrosity, hydrogen embrittlement, non-metallic inclusions, which
may be categorized as "defects or flaws"., In many applications it is the presence
o of these small defects (that may later develop to critical flaw sizes) which dras-
tically affect the resistance of the member and determine the nearness to failure
such as shown in Fig. 6. Conversely, some "flaws" of the type in Fig, 7, have
not materially affected the satisfactory performance of the component because the

service life was limited by erosion of the bore of the gun rather than by crack

< propagation. Itis important that one analyze the influence of every step in the
manufacturing process as it relates to the final mechanical properties required

in the finished component.

In developing a design philosophy or a procedure for nondestructive

inspection or testing, it is well to assume that all engineering materials contain

L "defects" (that is, they are not homogeneous and isotropic). A defect in this sense

may be regarded as any lack of perfection: poor or striated metallographic struc-

ture, stringers or laminated inclusiong, miero-voide around welds, residual
stresses, etc.; on the macro scale, machining defects, laps, seams, casting voids,
and underbead cracking in welds, are obvious types of flaws encountered. Many
Lo such “flaws" may be too small to be detected by currently available methods of

nondestructive examination.

For given stresses a critical flaw size exists for the metal; larger flawe
will stimulate sudden catastrophic brittle appearing fracture. In adverse environ-
ments* flaws may continue to grow if stresses arc maintained above a threshold
L value. Also, micro size defects may grow progressively under repeated stressing

and develop "fatigue” failure. In some applications a member may fail by corrosion-

*While chemical and corrosive attack provide aggressive or harmful conditions of
operation, many of the higher strength metals are quite susceptible to slow flaw
Brms growth in neutral water.




fatigue as in Flé‘ 8, or by stress corrosion cracking because of environmental
conditions and the unknown residual, or shakedown stresses developed by fabri-
cation procedures, or by service loads.

In view of the statistical nature of the sizes, types, and locations of
defects, the probability of finding a potentially dangerous triggering defect is
difficult to estimate on a quantitative basis. Many parts may contain undesirable
flaws which are located in zones of low service stress and hence, do not cause
problems. On the other hand, the detection of flaws that lead to an average life
that is satisfactory gives no guarantee against premarture or catastrophic failure
of some smalil percentage of the components produced.

Table IT forms the basis for relating standard failure modes in structural
applications to service conditions, and thﬁe desired mechanical characteristics for
resistance to each mode of failure. The table needs expansion to include all of the
altered strength characteristics due to faulty processing or to unusual service con-
ditions., Many designers do not understand the significant changes in matexial from
processing or environment that may cause failure. Material or component evalu -
ation should include samples that have been processed by the method intended in
final production to include normal processing "defects” or "flaws' in the determi-
nation of the mechanical resistance. Figures 9 and 10 show a catastrophic failure
that developed from "minor"” surface defects in processing that became critical
when exposed to the unique service environment.

Some processing operations result in localized alteration of the mechanical
strength characteristics that may be vital in determining future performance of the
part. One type of degradation is itlustrated by the failure of the tie-bar of the crane

shown in Fig. 11. Brittle fracture would not have been expected on the basis of the

original mechanical properties of this low-carbon steel. Castings frequently have
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variable properties and unknown residual stresses depending upen thickness of
sections and cooling rates. 'L'he failure of blades on the cast fan in Fig. 12 is
probably related to this factor in design plus the fact that as-cast surfaces and

undesirable vibrations of the blades all contributed to fatigue failure.

Deterioration

For failures of Category II1I (deterioration), there are no standard tests
that can be used at the present time to evaluate materials. In some instances (as
illustrated in Fig. 13) unforeseen vibrations or overload conditions may develop
to cause failure; in others such as Fig. 14, a service induced damage may develop
fatigue failure. Many service conditions involve extremely rapid rates of heating
or include radiation damage, ablation, corrosion, or the various types of wear.
Specialized testing is necessary to evaluate material for a specific application
involving one of these deleterious effects as the controlling variable. Figure 15
shows a special type of deterioration from the service environment that cannot be
appiaised froni “standard" laboratory tests. For these types of severe service,
every effort should be made befpre selecting the material to simulate the expected
temperature, time, dosage, etc., as nearly as possible in the laboratory testing
program.

Deterioration during service in an agpressive environment needs to be
given special consideration. There are many types of surface disintegration,
chemical activity, or metal transfer that affect stability of the component; these

are influenced by the time, temperature, and dosage of the critical factors in the

service environment. Because of the complexity of interaction of the factors out-
lined in Table I, careful detective work is often necessary to determine the cause

of a specific failure with a high degree of certainty. Not only must the failed part



itself be examirféd in great detail, but background information on its chemistry,
processing and fabrication, service history, and environment, etc., need to be
correlated as is indicated by the failures in Fig. 16, and in Figs. 17 and 18.

A rational and complete analysis of the failure mode must be based on positive

supporting evidence (rather than the absence of contrary evidence).

Analysis of Failure

In studying resonance of sound in pipes and cavities, Lord Rayleigh in
his book, "Theory of Sound" remarks: 'When the theoretical result is known, it
is almost impossible to arrive at an independent opinion by experiment. " One
must heed this warning when developing the failure analysis of a component: do
not approach the analysis of a given failure by prcconceiving an answer before
making the detailed investigation.

Carefully documented case histories of failures of the past often illustrate
the synthesis and detective work necessary to prevent similar recurrences in the
future. A wealth of‘. information on a variety of failures is available in the References
listed in the bibliography. Tﬁe documentation of the British Comet airplanc fa.ilurcs(1
represents an outstanding example of the tremendous amount of study and experi-
mentation sometimes necessary to track down the initial cause of failure when the
interaction of several modes of failure occur during the course of the accident.

The Comet failures also illustrate the occasional complexity developed by inter-
actions between materials selection, design details, new types of service loadings,
and a final failure consisting of a rapidly running crack initiated from a very small

fatigue crack which developed to critical flaw size. A complex interaction of several

modes developing to final fracture is illustrated by the case shown in Fig. 19.

0)



In investigation of a failure great care must be used in detailed visual,

optical, or metallurgical examination, chemical and hardness tests, etc., to

et prevent careless handling that may destroy important evidence. Subtle cases

| of embrittlement, diffusion, localized corrosion, etc., often reguire careful
documentation of the service history (time, temperature, loadings, and environ-
..... ment) supplemented by chemical analysis, electron micrographs, etc. Further
study of the sequence of events during the failure, plus knowledge of the location
fund markings and condition of all adjacent parts after the incident, is necessary to
confirm the analysis beyond reasonable doubt. Of course, there is always the
- poggibility of an unforescen loading, unrcported collision, or unanticipated vibra -
» tion that may develop to cause premature failure as in Fig. 20. These factors may

usually be diagnosed by careful examination and gathering of facts.

! As supplementary information, I bave appended a list of classifications as

to cause of failure and general guidelines to be following in determining the major

causc oxr causcs. Only an cngincer with broad background and cxpericnce can be

trusted to synthesize the many contributing factors to arrive at a correct analysis

et

in some of the more complex modes of failure.

‘The lnvestigation

Use care in the nature and sequence of the procedures of examination,

so that evidence required in certain types of analysis (such as surface contaminants)

will not be lost or contaminated in the early stages by improper handling. A com-

bination of several factors may be responsible {for the failure to perform satisfactorily.

oo

When failures occur it is vital that complete analysecs be madc for proper

correclive action. Five operations arecas are available for the determination of

failure causes and the interplay of factors that were involved in the failure. In

chronological order these areas are as follows:




i

ied

1. Initial Observations. Detailed study by visual inspection of the actual

component that failed, preferably at the failure site as soon after the fact of
failure as possible. Profuse color photographs are essential to record every
detail for later review. An experienced investigator can usually indicate the
predominate failure modes of the various components and permit concentration
on the acquisition of all available background data. Detailed interpretation must
be made of deformations, markings, fracture texture appearance, deterioration,
contaminants, final location of components and debris, etc.

2. Background Data. A large amount of pre-failure data concerned with

spccifications and drawings, component design, fabrication, repairs, maintenance,
and service use must be gathered. (Sometimes only limited data are available.)
Concentration on obtaining facts pertinent to all possible failure modes is essential.
Particular attention to environmental details, including normal service loads (as
well as accidental overloads and cyclic loading} and resulting stress, temperature
variations, and gradicnts is desirable.

3. Supplementary Laboratory Studies. Tests are desirable to verify that the

material in the component actually possesses the chemistry, dimensions, processing,
and physical properties specified in the design. Special supplementary studies may
be needed; for example, chemistry of corrosion products, simulated service or
environmental tests, determination of microstructure and development of cracks,
dynamic strain measurements, elevated or low temperature tests, surface replicas,
etc., to define the factors which contributed to the failure. A new ox more refined
stress analysis may be required. Electron probe X-ray analysis can be useful in
cxamining inclusions, micro-segregation, or the composition of oxide, or surface

contaminants.
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Each fdiled part should be regarded as a storehouse of information if the

investigator will take the time and care necessary to "read” the ¢vidence it contains.

i Fractures include many surface artifacts and distinguishing features that can be

recad by an experienced observer; the textures, and surface irregularities are

characteristics of the material and its processing, as well as of the loadings and

environment which caused the fracture.

Frequently, examination of a fracture face with a low power binccular

. microscope (say 20X) can give a fairly complete answer as to the type and cause

of failure. However, the observer must be one familiar with a wide variety of

fracture textures, and one who can approach the examination without a preconceived

idea of what caused the fracture. Further confirmation can often be obtained by

studies of cracks, structures, etc., at higher magnitication, using small mounted

Syl samples from the regions of failure.

Electron microscope studies (17) are sometimes useful in complex cases,

but suffer from difficulties with surface contamination and micro-corrosion if the

fracture is not new and clean. At high magnification one also has to select small
zones for study, and interpretation becomes difficult. The artifacts one studies
oo may be likened to mushrooms in the forest; the observer may fail to see the trees

by concentrating on the small objects made visible by this powerful tool. The

scanning electron microscope has the advantage of allowing a "zoom" from low fo

high magnification of a specific area to aid in interpretation of the textures being

cxamined. However, it is somewhat limited in the size of specimen that can be

e examined. Because of the wide variety of metals and modes of fracture, inter-
pretation by an experienced observer is necessary whether at magnifications of

20X or 6000X for either optical or electron microscope studies of fractire surfaces.
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4, Synthe’éis of Failure. It is necessary to list not only all positive facts

and evidence, but also to list all the negative responses to the questions that may
be asked about who, what, where, when, and why before deciding "how" it failed.
Sometimes it is important to know that specific things "did not” happen or certain
evidence "did not" appear, and include these "facts™ in deciding what could have
happened. From a tabulation of these data, the actual failure should be synthesized
to include all items of the evidence available. Frequently, it may be necessary to
develop additional data from (2) or (3} above for completeness or for further veri-
ficatioh.

The final solution must give full consideration to the interplay ol Jesign,
fabrication, materials properties, environment, and service loads. The classi-

fication as to the cause will usually fall into one of the categories outlined in the

following list, and corrective action or applied research guidance can be recommended.

Appropriate solutions may involve re-design, change of alloy and/or processing,
quality control, protection against environment, changes in maintenance schedules,

oI restrictions on service loads or service life.
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"Classification as to Cause of Failure"

I. Failures due to faulty processing

1.

10,

Flaws due to faulty composition (iuclusions, cwmbrictliog impurilies,
wrong material)

Defects originating in ingot making and casting (segregation, unsoundness,

porosity, pipes, non-metallic inclusions)

Defects due to working (laps, seams, shatter cracks, "hot-short" splits,

delamination, and excess local plastic deformation)

. Irregularities and mistakes due to machining, grinding, or stamping

(gouges, burns, tearing, fins, cracks, embrittlement)

Defects due to welding (porosity, undercuts, cracks, residual stress,

lack of penetration, underbead cracking, heat affected zone)

. Abnormalities due to heat treating (overheating, burning, quench cracking

grain growth, excessive retained austenite, decarburization, precipitation)

Flaws due to case hardening (intergranular carbides, soft core, wrong

heat cycles)

Defects due to surface treatments (cleaning, plating, coating, chemical

diffusion, hydrogen embrittlement)

Careless assembly {mismatch of mating parts, entrained dirt or abrasive,

residual stress, gouges or injury to parts, etc.)

Parting line failures in forging due to poor transverse propertics

11. TFailures due to faulty design considerations or misapplication of material

11.

Ductile failure
a. Excess deformation (elastic or plastic)

b. Tearing or sheay fracture

12. Brittle fracturc (from flaw or stress-raiser of critical size)
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13. Fatigue failure

a. Load cycling d. Corrosion fatigue
b. Strain cycling e. Rolling contact fati gue
¢. Thermal cycling f. Fretting fatigue

14, High-temperature failure (creep, oxidation, local melting, warping)

15. Static delayed fractures; hydrogen embrittlement, caustic embrittlement,

environmentally stimulated slow flaw growth

16. Excessively severe stress-raisers inherent in the design

L 17. Inadequate stress analysis, or impossibility of a rational stress calcu-

lation in a complex part

18. Mistake in designing on basis of static tensile properties instead of the

significant material properties that measure the resistance of the material

to each possible failure mode

I11. Failure due to unusual or unexpected deterioration during service conditions

(partial history of operation is necessary for analysis)
19. Overload or unforeseen loading conditions
'20. Wear (erosion, galling, seizing, gouging, cavitation)

e 21. Corrosion (including chemical attack, stress corrosion, corrosion fatigue)
Dezincification, graphitization of cast iron, contamination by atmosphere.
Preserve corrosion product until carefully analyzed. Determine whether

intergranular, galvanic, type of pitting, etc.

22, Inadequate or misdirected maintenance or improper repair {welding,

grinding, punching holes, cold straightening, etc.)

s 23. Disintegration due to chemical attack or attack by liquid metals or platings

at elevated temperatures

S 24. Radiation damage (sometimes must decontaminate for examination: this

may destroy vital evidence of cause of failure) susceptible to time, tem-

perature, environment, and dosage

[\
Ul

Accidental conditions: abnormal operating temperatures, severe vibration,

e sonic vibrations, impact or unforeseen collisions, ablation, thermal shock, ctc.
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Fig. 1 Fracture Surfaces of Shaft in Rotating Bending Resulting from Paor
Design Detcil. (AlS! 1046 Heat Treated to Rockwell C25)

Note that failure initiated from the interaction of the two stress conceniration foctors
at the keyway ond fillet; these effectively multiply each ather. Fxtensive fatigue ecrack
propagation before the final brittle fracture of a small “"off center” zone indicates that
the part wos subjected to relatively smail bending stresses during its service life.

Fig. 2 Torsional Fatigue Failure ot Front End of Crank Shaft.

This failure started in an area of fretting corrosion which occurred under a hub which
was assembled at *V."" In spite of the many other stress raisers !fillet, keyway, threads,
grooves ) the failure Initicted from the discolored zone on the hub due to the microscopic
rubbing action from cyclic elastic deformations. (Hardness R¢ 25)
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ANNULAR WELD

v
. WELD SECURING SLEEVE
/ TO END FACE
SLEEVE

FRACTURE

NN \\\

Fig. 5 Failure of a Steam Hected Roll Caused by Welding on
Repair Sleeve.

Improper weld procedures in fastening on o small sleeve that was used

to patchover amachining dafect developed hairline eracks adjocent to the

weld which propagated in fatigue to cause rupture. The lorge annular

weld clso present was done at an earlier stage with proper prehecting

and slow cooling. The repair weld placed in a zone of high stress con-

centration was improperly applied in fabrication and was not subsequently
stress relieved.

Fig. & Fracture Surface of Special Shaft of AISI 4350 at Rockwell

C-38. Quter Surfoce Cold Rolled in Final Processing.
Frocture combines fatigue origin at subsurface inclusion below compressively
stressed cold rolled layer; final propagation as brittle fracture ofter fatigue
crack reached critical size.
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Fig. 7 Macro-etched Section of Centrifugal Casting

for Gun Tube. {Obvious segregation present)

Exponsion Joint in a Stcom Distribution Line.
Failure was troced to corrosion fatigue re-
sulting from stresses coused by thermal
cycling and e hostile environment due to
dripping condensate. Photomicrograph at 100 X
of type 304 stainless sheet steel.



53 pp| |piaw joy woiy ABisus
juptpos 0. sunsodxa Agq Buifp pup s3tares up duom
03 jo sjnowo 1y4bijs o} pajrslqns uaeq poy ooy sy R
Wu_ ummfm Do/ _h.“__ .Wao mww on..mo E) ﬂommm_w_o; h_o (0L "8t 225)
) 15 ] W p I p ooy ayi 4 - + P .._U&“_ND D::mmxmlw.—& DD

Buyjjos Suiinp |pris.ow 8dppns uy sdn| o sploj [|pwg 00L SUDI™ © 10 2501104 341 By
“urg 1o 191oQ peiDLiIu] YooY 2URL) © jo dunjing g 6 Bl
m..___so;w joOH aupiD) 6 asppng ainooig (g By

LI




-up . woisauboy
4sD7) UD s8pp|g $0 sam|iog anbyog 7|

B14

500} 8INO04) SMOYS BUnDId 13MOT] |35 PAWIDIIP BU
j0 juswaipiqua abo uiouys o4 psy Buipjam jussolpo wouy Buliosy
juanbasqns pup Bunoays weoyy Buiyiom plod |pdc| sy taun)iny
SIY} Ul JUSDEAD SD JUBWI[IIQUS B3J9A3S UL S}NSa) [DaD By} Ul
Buipjam woy sainipradws) peipas|s AqQ pajcie|addd A||oliupisqns
aq uo> 4oiym) BuiBo Aq pamoj(o} s|aais pawwil asayy jo Bujiom
pleD 'o4s ‘sssucBubw ‘unyd|ns ‘snosoydsoyd jo suoisnidul o
uojofiaiBas |DUAU] {OLUDISQAS UL SHNS24 Ydtym | [9945 pawwis
EOA._UU ..50_ mO SOM _D_._NM.UE m_._nﬁ .EO_.—QUmuﬂcw ut TD._DOLM T_OU
uasq poy L3iym Jnq sy Jo pus ayj jo ,uw:u:_mfo EEL =TT P e FLe|

aupu7y Jamo] 4o dog-al] qif o aimjiog || Big

p—




Fig. 13 Ductile Shear Failvre from Severe Cyclic
Torsional Overload on Splined Shaft.

Fig. 14 Bending Fotigue Failure of Diesel Engine Crankshaft
Resulting fram Service Induced Damage.

Note that failure initicted at deep score or seizing marks in the crank

pin and propagated across crank cheek. '
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Fig. 17 Fracture in Cast Connecting Rod for Large

Press. Numerous small cracks developed in
the bushing seat ofter Z years of service.

{See Fig. 18 also)

Fig. 18 Fracture Face of Part Shown in Fig. 17.
Failure initiated at top left in dendritic
pattern probably due to mistake in steel-
moking with low carbon content. Brittle
frocture oaccomponied low Chorpy impoct
properties.



ed Shaft.

developed to critical size for brittle fracture of the rest of the

Fig. 19 Brittle Fracture of Stainless Steel Pressure Vessel.
Corrosion ond intergranuier cracking initiated at thread root 'C

due to contoct

with bronze nut. After some 400 pressurizations to 9000 ps e small fatigue crack
initiated from zene C and failure thenoccurred in a brittle manner across the diameter.
Severel other cracks alse existed. This nartensitic stainless steel was treated to a
Erinnell hardness of 321 giving a higher tensiie strength than desired. !nitial foilure
was probably due to the susceptibility of the maortensitic stainless steels to the
embrittling effect of hydrogen released by local corrosion developed at the threaded |

ends. For c replacemznt vessel, heat trestment to ¢ lower tensile strength and stain-
less steel 2nd plugs were combined with an attemat to elim nate moisture from the

vessel.

Fig. 20 Failure of Die-Forged Super Charger Driven Through a Splin-

Exhaust impulses led to torsional vitrations causing fatigue crack which

impeller.




