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Application of Fracture Mechanics Data to Aerospace Design

David. W. Hoeppner*
University of Missouri, Columbia, Mo.

and
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This paper briefly reviews the concepts of fracture mechanics as they may be applied to subcritical and critical
flaw growth analysis in engineering design and inspection. A simple presentation of the manner used to apply
fracture mechanics is given in the paper. The principles of fracture mechanics applied to fatigue, stress corrosion
cracking, and other subcritical flaw-growth problems as presented herein will serve as an introduction to many
of these concepts for practicing engineers and students who have had only minimal exposure to fracture
mechanics applications.

Nomenclature
a = crack size, cm (in.)
ac = critical crack size for instability, cm (in.)
°cop = critical crack size under a given operational stress,

cm (in.)
a, = initial crack size, cm (in.)
ap — crack size after proof, cm (in.)
flf t h = threshold crack size, cm (in.)
da/dN= fatigue-crack growth rate, cm/cycle (in./cycle)
da/dt = crack growth rate, cm/sec (in./sec)
KIc = critical plane strain stress intensity factor, mpaVm

(ksiVm.)
Kfj = initial plane strain stress intensity factor, mpaVm

(ksiVih.)
K1q = plane strain stress intensity factor, noncritical value

mpaVm (ksiVm.)
^/scc - plane strain stress intensity factor for stress

corrosion cracking, mpaVm (ksiVin.)
Klh = threshold value of stress intensity factor below which

a crack will not grow, mpaVm (ksiVin.)
AK = change in stress intensity factor, mpaVm, (ksiVih.)
N = number of cycles
Q =correction factor for surface flaws, [02-0.212

R

Sop

SP
AS
t
At
a
°

= ratio of minimum stress to maximum stress in a
cycle, (Smin/Smax)

= operating stress, mpa (ksi)
= proof stress, mpa (ksi)
= change in stress, mpa (ksi)
= time, sec
= change in time, sec
= applied stress, mpa (lb/in.2)
= yield stress (or yield strength), mpa (lb/in.2)
= elliptic integral of the second kind

Introduction

THE design of safe and reliable structures using fracture
mechanics principles involves the following areas of

consideration: material selection (K/c, etc.); initial flaw size,
shape, and probable location; subcritical flaw growth;
periodic inspection; and the probability of high load applying
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stress in excess of the remaining strength. Where fail safety
and/or integrity cannot be assured by using design concepts
incorporating either redundancy or crack stoppers, including
"safety" factors and/or scatter factors, fracture mechanics
principles can be used by considering all the five areas listed
above. There are many possible variations within the above
framework. These variations will depend on the material,
structural component, and application. Some of these
variations are illustrated in the following paragraphs.

The remainder of the paper deals with conceptual ap-
plications of fracture mechanics to several cases frequently
encountered in engineering design. Many of the concepts
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presented are not only applicable to preliminary design (or
equivalent), but also can be utilized in formulating fix,
maintenance, or retrofit practices when (if) field failures are
encountered. The latter section of the paper deals with the
importance of inspection, materials processing, and
probabilistic assessment of all factors that can impact the life
prediction to develop the most reliable structures permissible.
It is to be emphasized that this paper is only meant as an
introduction to many of these concepts for practicing
engineers and students who have not had extensive exposure
to applications of fracture mechanics

Fracture mechanics has been applied in various areas for
fracture resistant design and prediction of material and
structural integrity. It has been applied in the aerospace,
nuclear, and power-generation industry to design rocket
motor cases, pressure vessel tankage, and nuclear pressure
vessels. In addition, it has been used in thick-gun-tube-design
applications and rotating-machinery design. These ap-
plications are discussed in Refs. 1-6. Reference 7 discusses
how fracture mechanics principles can be used in design for
materials that possess extensive toughness, i.e., materials that
up to now were considered low or medium strength. Fracture
mechanics can be used to aid in the evaluation and selection of
materials, the evaluation of performance and life prediction,
the establishment of fracture toughness values in material and
process specifications, as an aid in design for fracture
resistance during service, and as a method for determining
service inspection intervals. The question immediately arises,
how do data generated in laboratory programs aid in the
above considerations? The following subsections indicate how
these data may be applied in practice in conceptual form.

Typical Use of Fracture and Flaw Growth Data
Figures 1-4 illustrate schematically the manner in which

fracture- and flaw-growth data may be used.§ Figure la
shows stress at failure (Sf) versus a flaw parameter (a on the
figure, but for surface flaws a/Q). The three lines on Fig. la
represent KQ - the fracture toughness at a given transition
condition, A^-the critical plane-strain stress intensity
(fracture toughness), and Kth -a threshold value of K below
which crack growth of an initial flaw is not practically
measurable. The fracture value indicated by KQ in Fig. la is
any conditional value of toughness determined from a
fracture toughness test. When the value of KQ determined in a
test is found to satisfy the validity requirements for plane
strain conditions (ASTM E399 test standard) then it is
equivalent to K/c, i.e., KQ —KIc. However, if the value of KQ
determined in a test does not satisfy the validity requirements,
then it remains a conditional transition (KQ) value. Tran-
sition as used here refers to values that lie between the critical
plane strain stress intensity factor, K/c, and the critical plane
stress intensity factor, Kc. This is the value of K for crack
growth "initiation," which is equivalent to saying either that
da/dN>0 or da/d/>0 in the fatigue-crack propagation or
sustained load crack growth processes, respectively. If the
operating stress (5op) is at the value indicated in Fig. la, then
a subcritical flaw of a size equal to or greater than a th can
grow to a critical size in a given lifetime (acop — ath). The crack
propagation rate must be large enough for this behavior to
occur. However, suppose a flaw of critical size, 0cop is
present. Then upon the first application of the operating
stress, failure will occur. Because, as shown in the figure, the
critical stress intensity resulting from the presence of the flaw
(tf«>p) was equaled or exceeded. The critical flaw size at the
operating stress can be computed by

NOT-(LOWER LIMIT OF DETECTABLE FLAWS)

a) NDT-NDI LIMIT

aj a ———*

b) FAILURE IN PROOF

Aa

a; etc a —»»>
c) PROOF-NO FAILURE

Fig. 2 Establishing flaw size by NDT/NDI or proof testing.

Ic

§The generation of these data is a matter of concern of numerous
technical organizations. If the reader is interested in generation of
fracture mechanics data, it is suggested that the appropriate test
practices be consulted.

Fig. 3 Flaw growth during proof (initial overload).

If the initial flaw size (a,-) present is known and is greater
than # th, then the rate of subcritical flaw growth under
projected operating conditions can be used to predict the life.
For example, Figs. Ib and Ic illustrate the use of subcritical
flaw growth data to explain crack propagation under
sustained load conditions.

In Fig. Ib, an initial flaw (a/) is at a sustained tensile load
in a corrosive environment at Sop. The presence of the critical
flaw a, under the sustained tensile stress 5op in the corrosive
environment develops a critical stress intensity greater than
KIscc. The critical stress intensity factor KHcc is a value below
which no crack propagation will take place in the environment
being considered. The time for the flaw to grow from a,- to
0cop and the stress intensity to increase from Kn to K/c for
fracture will occur as indicated in Fig. Ic. It is clear from this
discussion that if the initial flaw size is known as well as the
crack growth rate, then the life can be predicted.

In Fig. Id the threshold stress intensity Kth is exceeded
under the influence of an alternating operating stress because
of the presence of the flaw of size af. The upper portion of the
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Fig. 4 Combination of fatigue-crack growth and sustained load flaw
growth.

figure shows how the initial flaw propagates to a critical size
0cop. This causes an increase in stress intensity to the critical
value for failure, K/c. The lower portion of Fig. Id shows how
the initial flaw grows to a critical size as TV, the number of
cycles of alternating stress applied, increases.

The change in flaw size with change in operating stress
cycles da/dN and the increase in stress intensity AAT are in-
fluenced by alternating stress AS, stress range ratio
/? = Smin/Smax, and the environment. Thus, each material
condition could respond differently. Values of d0/dTVcan be
obtained by numerically differentiating data similar to the
lower portion of Fig. Id. Values of A# can be determined by
calculating the stress intensity at the maximum load value of
the cycle and minimum load value of the cycle and taking the
difference.

Data of this sort can be used for the prediction of fracture
behavior of a material when its crack propagation rate and
fracture toughness properties are known.

The determination of the initial defect size ( a , ) is
sometimes difficult because this measurement must be made
by nondestructive inspection (NDI) or by proof testing. The
limits of detectability of the size and orientation of small
flaws in materials is still subject to considerable error on a
statistical basis.

Use of the principles illustrated in Fig. 1 can be used to 1)
select the material with the desired fracture toughness for the
prescribed application (Klc, etc.); 2) set NDT/NDI re-
quirements prior to service; 3) establish proof test criteria for
the component prior to (or during) service; 4) establish in-
spection intervals. It should be fairly clear from the prior
discussion how item 1 above can be handled as can items 2
and 4. In Fig. 2a, the limit of detectability of a minimize size
flaw a, is shown. If the presence of this flaw causes a stress
intensity under an operating stress that is equal to or greater
than Kft, the flaw will propagate. If the rate of propagation
under the applied stress is large enough, the flaw can grow to
a critical size ac. Under this condition the stress intensity will
increase to the critical value Klc at which failure will occur.

Data of initial flaw sizes determined by NDI, crack
propagation rates and fracture toughness (stress intensity
factor) for a given material can be used in the prediction of
the life of a part made from the material.

In Fig. 2b the initial flaw af is large enough so that the
critical stress intensity KIc is reached under the proof stress
Sp. If, as shown in Fig. 2c, the initial flaw a{ is small enough
such that a critical stress intensity is not developed under the
proof stress Sp, failure will not occur in the proof test. This
behavior will not guarantee that the part will have an infinite
life. If the crack propagation rate is large enough under the
influence of the operating stress the initial flaw 0, can grow to
a critical size ac. Under these conditions if an initial flaw not
detected by proof testing can propagate to a critical size,
failure can occur under the operating stress when the critical
stress intensity is reached.

It is preferable that a material, manufacturing, and design
process can be used such that the events shown in Fig. 2c
result. In this case, the initial flaw size is less than critical at
proof. Thus, failure does not occur during the proof cycle. If
the proof is completed, then it is known that no defect greater
in size than #/ can be present, since if it was it would have
failed at the proof stress Sp. Thus all crack sizes a greater than
ai have effectively been screened. All that remains then is to
relate the initial crack size subsequent to proof to the growth
that may result from service. If operating conditions and
materials are selected such that growth during service does not
reach a critical size, the life can be predicted. The frequency
of inspection intervals can be predicted using the knowledge
of initial and critical flaw sizes, crack propagation rates, and
fracture toughness in the material.

One caution must be noted: it has been found by both
Hoeppner5 and Tiffany8 that flaw growth can occur during
proof testing as a function of the proof stress Sp and the hold
time at proof stress. This observation not only has im-
plications to "hold times" in proof testing but also in time
effects during loading cycles. Thus, wave form effects could
be extremely important for some materials. Hoeppner has
shown in addition, how cryogenic proof testing might be used
to screen small flaws. This procedure, however, may lead to
other problems that have resulted in additional research.9 The
initial flaw growth during proof loading is illustrated in Fig.
3. The initial flaw a, present at the start of proof, grows
during loading and hold time to ap. Thus it would normally be
assumed that the flaw size after proof would be #/, whereas it
truly is ap. It is apparent that knowledge of the flaw growth
that may occur during proof and its effect on time or cycles to
reach K/c by subcritical flaw growth must be available.
Because if ap is of such a size, with crack propagation rates
large enough, it is possible for the crack growth induced by
the proof overload to continue as a result of the operating

FRACTURE PREDICTED BY
FLAW GROWTH (GIFT)

FRACTURE PREDICTED
BY FATIGUE LIFE

O
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HIGH STRENGTH
LOW TOUGHNESS

MATERIAL CHARACTERISTICS
Fig. 5 Effect of stress level and material characteristics on prediction
of fracture.
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stress. Under these conditions the crack could reach a critical
size ac such that the critical stress intensity level K/c was
equaled or exceeded and thus failure could occur.

The effect of mixed loading on subcritical flaw growth is
shown in Fig. 4. The figure consists of four parts that
illustrate the behavior of an initial flaw during 1) proof test,
2) fatigue loading, 3) sustained loading for a limited time, 4)
fatigue loading at a higher stress and a different range ratio
than 2, and 5) sustained loading at a higher stress than 4.

Fig. 4a is in two parts. The upper part shows that a material
containing an initial flaw a, survives the proof load and thus
screens all flaws larger than a\. Under fatigue loading at
(S/ , /?/) the crack propagates from a, to an]. Now under
sustained loading at S/ for time // the crack propagates as Klh
increases to K}. Applying fatigue loading at S2 with a range
ratio R2 causes continued crack propagation and an increase
of stress intensity to KF2. Now when a higher sustained load
S3 is applied for time /2, the crack grows to the critical size,
#r, which under the applied stress increases the stress intensity
to the critical value for failure Klc.

The propagation of the subcritical flaw under cyclic loading
is shown in the lower portion of Fig. 4a. The increase in K
with holding time under sustained loading is shown in Fig. 4b.
The schematic loading cycles are illustrated in Fig. 4c. Data of
this sort can be applied to the prediction of the life of a
material.

The question that still remains and will require more
thorough investigation is: Does the proof overload induce
sufficient damage to start the crack propagation? Or does the
fatigue cycling at (S,R), shown schematically in Fig. 4, cause
the propagation and growth of the initial flaw? Information
of this type can be used to establish lower limits of flaw size to
be screened in various materials in an attempt to avoid
fracture. Use of the da/dN versus K data, and the da/dt
versus / data, in combination with K]c, can be used to
establish recommended materials selection and application
criteria, as well as recommended design practice for mixed-
mode or plane-stress conditions. Material must be selected
that provides the best compromise between such properties as
static strength, stiffness, fatigue life, corrosion resistance,
fracture toughness, and crack propagation resistance. Usually
fracture toughness, and to a lesser extent, crack propagation
resistance, are attained at the sacrifice of ultimate tensile
strength. One of the major design considerations then
becomes how much toughness and crack growth resistance are
needed? For aircraft structural design, fracture mechanics
analysis is supplemental to the more traditional fatigue life
analysis, and partial answer to the above question can be
attained by providing sufficient toughness and crack growth
resistance so that the probability of failure due to the
propagation of an undetectable initial flaw is of the same
order as the probability of failure estimated from the fatigue
analysis. Such a comparison is illustrated in Fig. 5.

In Figure 5, the prediction of fracture in design can be
predicated upon conventional fatigue life analysis when the
stress level is low enough S/ and a low strength-high
toughness material My is used. This procedure is illustrated by
point 1 on the figure and assumes a statistical body of
laboratory data and field experience both are available.

Now, if a higher design stress level S2 is required (to reduce
weight or provide higher performance), then a higher strength
material M2 may be used. This material will have a lower
fracture toughness and thus the same flaw size that could be
tolerated in the first case could cause failure at the higher
stress level in M2 even though it is "stronger." Under these
conditions, as shown by Fig. 5 at point 2, prediction of
fracture must be done using the Griffith-Irwin Fracture
Toughness (GIFT) analysis using subcritical flaw growth and
fracture toughness data.

At the transition between low-strength and high-strength
materials between points 1 and 2 on Fig. 5 a transition in the
fracture behavior exists. In this area it is not clear whether

Table 1 Some sources of defects in fabricated
aircraft components

_____Defects existing in mill products
Chemical contamination

Inclusions
Laminations

Internal defects
Porosity
Cracks

Surface defects
Cracks
Laps
Pits
Scratches

______Defects produced by processing
Machining

Grinding, honing, drilling
Cracks, scratches, gouges
Transformed regions

Welding
Planar defects due to residual stresses, incomplete fusion
Impurity segregation to liquid/solid boundary
Part geometry produces thermal stress on cooling

Plating
Coating defects-cracks, pits
Surface contamination
Hydrogen embrittlement

prediction of fracture can be accomplished by either fatigue
life considerations or subcritical flaw growth (GIFT) con-
siderations.

Initial Flaws
The size, shape, and location of probable initial flaws are

influenced by metallurgical factors, product form, fabrication
methods, and the ability of available inspection techniques to
detect them on a reliability basis. Initial flaws in aircraft
components can be present in the sheet, plate, or forged
material or can be imparted during processing, as shown in
Table 1. Nondestructive testing techniques employed to reveal
the flaws include surface penetrant, X-ray, and ultrasonic. An
Air Force Materials Lab. (AFML) contract performed at

1.0

x
UJ _ _a 0.5
z

>-
H
>

CO
z
UJ
CO

ULTRASONICS /V

0 0.25
ACTUAL CRACK LENGTH, 2a,IN

0.50

SENSITIVITY INDEX *
CRACKS DETECTION/CRACKS PRESENT

Fig. 6 Comparison of NDT inspection methods for aluminum
cylinders.
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Fig. 7 Comparison of NDT inspection methods for steel cylinders.

Lockheed-Georgia Company10 investigated the accuracy of
determining flaw size, geometry, and location in typical
aircraft components. Results for aluminum and steel parts are
presented in Figs. 6 and 7, respectively.

The severity of initial flaws as sources of possible structural
failures depends upon the probability of overloads in excess
of the strength of the flawed structure and on the probability
of overloads during subsequent flaw growth resulting from
the combined effects of load and environmental spectra.

In the past it has been design practice to take measures to
ensure the fatigue quality of a structure by specifying surface
finish, heat treatment, fastener type, design details, etc. It is
clear that the designer must also consider the flaw sensitivity
of structure by specifying on the engineering drawing
fabrication methods, inspection techniques, etc. to ensure that
flaws of a greater severity than his design assumptions do not
occur in the structure. An illustration of such material
considerations and associated critical processing steps is
presented in Table 2. Estimates of the maximum flaw size that
can be permitted in a given structure can be made using
available fracture mechanics analysis.

Periodic Inspection
After a flaw growth analysis has been completed, it must be

judged whether the structure need or need not be subject to
periodic inspection. Just as in fatigue life estimations, there
are a number of unknowns that preclude an absolute deter-
mination of structural life, These include: variations in
material properties; distribution of flaw size, shape, location,
etc., actual load and environmental histories for an
operational fleet of structure; and calculation unknowns such
as sequential load and environmental effects. Thus an
equivalent to a fatigue life reduction factor is needed. This
can best be satisfied by establishing several inspection in-
tervals within the estimated safe-life based on flaw size
calculations. Preferably, these intervals should correspond to
normal maintenance procedures. A portion of all design
verification programs should yield information on the
frequency of inspection required for the conditions studied.

Probabilistic approaches to fatigue life estimation have not
been well developed for fatigue analysis. Although their
desirability is understood, it will be some time before they can
become effectively implemented. Therefore, as in fatigue
analysis, crack growth-remaining strength analysis will

Table 2 Some material parameters and processing requirements

4340 Steel at 260-280 ksi strength level exhibits
Low resistance to crack growth
Increased susceptibility to mechanical damage
Decreased resistance to stress corrosion, H2 embrittlement
Tempering temperature close to region that produces reduced impact

properties

These factors result in critical processing operations
Casting or forging - inclusions, porosity
Welding - incomplete fusion, heat - affected zone
Heat Treatment -embrittlement, decarburization
Stress Relief-straightening, residual stress
Machining after heat treatment - hole drilling, grinding to produce

untempered Martensite
Plating - H2 embritjlement, poor adhesion, coating flaws

_____Ti-6Al-6V-2Sn, TJ-6A1-4V alloys exhibit_____
Low resistance to flaw growth in the presence of moisture
Susceptibility to environmental degradation by halogens, hydrogen,

hydraulic fluids, cadmium metal
Ease of damage by fretting
Wide variation in fatigue data

____These factors result in critical processing areas____
Casting or forging - inclusions, porosity
Welding - contamination, incomplete fusion
Machining — imparting surface defects, removal of chlorinated oils

(pickling), arc cutting burns
Fastening - protection against fretting

______7075-T6 aluminum alloy exhibits
Susceptibility to galvanic and exfoliation corrosion
Poor resistance to stress corrosion, especially short

transverse grain direction
Susceptibility to residual stress

________These factors require________
Use of overaged tempers in stress corrosion critical areas
Proper application of surface protection agents
Careful thermal and mechanical processing to avoid residual stresses

and property degradation

initially be approached in terms of a maximum load to be
carried by flawed structure. Realistically this should vary with
operational requirements so that it reflects the probabilistic
nature of these loads. For instance, since the number of
relatively high loads in maneuver critical spectra are usually
greater than in gust critical spectra, it would be necessary to
specify a relatively higher tolerable K level for a fighter
aircraft than for a transport in order to obtain the same level
of reliability. Some initial assessment of the required strength
of a flawed structure can be obtained by observing that in fail-
safe design of commercial aircraft eighty percent of limit
loads is the required strength for obviously damaged struc-
ture.

Concluding Remarks
It is anticipated that procedures similar to those illustrated

in Figs. 1-5 can be established for the materials of interest in
any structural application. This will allow the development
of: recommended materials selection and application criteria;
recommended design criteria; recommended data acquisition
and presentation techniques; and recommended materials and
process specification for fracture-resistant systems. Increased
use of these procedures and further detailed requirements will
reduce the incidence of unexpected events in structural design.
It must be emphasized that the key to successful application
of fracture mechanics is in the knowledge of loads and stresses
and in the supportive data available.
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