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SUMMARY

The concepts of linear elastic and post-yield fracture
mechanics are described using the stress intensity approach.
Failure under conditions of static and cyclic loading is
considered and a single test piece design is reported to be
suitable for testing in both loading conditions. The
principal aim is to use the concepts of fracture mechanics
to relate service conditions applicable to leaf and helical

springs to laboratory testing.
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stress corrosion testing using the stress intensity approach.
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INTRODUCTION

The aims of fracture mechanics, now widely employed in
industry, are to relate laboratory tests realistically

to actual service conditions and to provide a quantitative
relationship between the applied stress, the size of a
stress concentrator, such as a small rolling crack, and

the material toughness.

Less informative tests are still used, however; notched-

bar impact testing data, for example, which have been
utilised over the years for spring materials, do not

provide a quantitative measure of material toughness,

because the measurements made cannot be converted into

a form that can be used directly by design engineers.

Neither the transition temperature nor the amount of energy
absorbed at a given temperature can be reconciled easily with

the designer's parameters of stress and dimensions.

The fracture mechanics or "stress intensity" approach to
the failure behaviour of spring materials, in terms of
crack propagation or growth rates, may be applied in
conditions of cyclic loading. The advantage of this
approach over conventional S/N curves 1is that a measure
can be made of the influence of changing stress intensity
at a fatigue crack tip on the rate at which the crack

grows or propagates.



THE FRACTURE MECHANICS OF TENSILE LOADED
PRE-CRACKED PLATES

When a pre-existing crack in a brittle plate subject to
an applied tensile load grows by increasing its area by

a small amount 8A, a small amount of energy §8Q is
absorbed in the process and the stored strain energy of
the specimen is decreased by a small amount éV. When the
condition:

sV _ 80
SA SA

is attained, it is possible for the crack to grow without
the need for additional work to be done by the applied
load and the crack propagates rapidly. Griffith(l)
associated the energy absorbed §Q with the surface energy
of the growing crack, 2y, where y is the surface energy
of the solid, thus obtaining the relationship for an
infinitely long, thin plate (i.e. plane stress):

o =<~‘2§X-‘>;5 P |

where Op is the fracture stress, E is Young's modulus and

2a the crack 1length.

For an infinitely long plate, which is thick compared to
the length of the crack (plane strain), the equation is:

y
o} = 2By | eee 2

F (1 - vZ)na

where v is Poisson's ratio.

Modification of Griffith's Theory

The Griffith theory was developed for glass and does not

apply to metals. Orowan(Z)

pointed out that energy,
usually far in excess of Yy, is absorbed by plastic deform-
ation in the vicinity of the propagating crack. It is
necessary, therefore, to modify relationships 1 and 2 to
include a term to take account of the plastic deformation

due to the stress distribution around the crack tip, Yo



where vy + Yp is the fracture energy.

Similarly, in plane strain:

2B{y + YO)

o = | —

F (1 - vI)rma

...........

...........

Since Yp >> 2y , the surface energy term may be neglected,

thus: L
20y :
5 _ j= 3 I 5
F
ma
In terms of the strain energy release rate, G, due to
Irwin(3) the critical value of G is given by
GCrit = ZYP, so that: .
o 2
o - thrit T
P
Ta
Similarly:
K _.. = o /ra = VEG ..
crit F crit
where Kcrit is a critical value of the stress intensity
at the crack tip.
In plane strain:
9 %
EG . 2
crit 8
Op _ et
(1 - v¥)Yra
and: _ -
EG g
K _ ) Terit | e 9
crit (1 - v?)
Gcrit is commonly referred to as the fracture toughness(B)

and the above idealised expressions provide the basis for

the study of this phenomenon in materials.

7



In recent years, however, less emphasis has been given

to the energy release rate approach to fracture; it is now
more usual to express fracture toughness in terms of K
rather than G values. There are several reasons for this.
Firstly, K varies linearly with the applied load or
nominal stress for a fixed specimen shape. Secondly, it
is more logical to consider stress-strain distribution at
crack tips, rather than energy balances, as determining
the conditions for fracture. Moreover, K values can be
determined directly from laboratory tests, while G values

must be calculated from relationship 7.

Modes of Crack Opening

Irwin(3) developed a notation for the opening modes, which
is now widely used. The various modes are illustrated

in Fig. 1. Mode I, the tensile mode, is applicable to

the formulae considered in the previous section. Mode II
cracking is characterised by shear displacements at right
angles to the crack front. Mode III, the antiplane strain
mode, involves shear displacement parallel to the crack
front. Thus the terms, K and K and their

I’ KII IIT

1’ GII and GIII define the stress intensity

(K) or the strain energy release rate (G) for particular

counterparts G

modes of crack opening, as denoted by the Roman subscripts.
The K or G value for catastrophic failure, i.e. fast
fracture, is denoted by the subscript C. KIC or GIC
values are usually quoted for the plane strain case, KC

or GC without a Roman subscript denoting plane stress
fracture toughness.

Plastic Deformation at Crack Tips-

The Plastic Zone Size

A crack in most solids cannot grow without plastic
deformation taking place at the crack tip. The size of
this zone of plastic deformation is a function of the

macroscopic yield stress, cy, (usually taken as the value

of 0.2% proof stress) of the material and the stress

intensity, K. If r, is the plastic zone radius, then in

(4)

plane stress:



...........

Tn T2 \
and in plane strain:
fie \ 7
- 1 { e
roo= A
D [ o3 i o i
LY
However, there is no precise change over point from

plane stress to plane strain, but as a general guide,
when the specimen thickness I and the crack length a
2 2'5ﬁ_2;

y)

Y 2

U

then plane strain prevails. Conversely,

when B and a << 2.5{ 1} , pnlane
a

tress is the principal

mn

mode. However, when the size of the plastic zone 1is

such that the net section stress exceeds 0.8 Oy linear
elastic fracture mechanics no longer provides an adequate
description of the stress field at the crack tip and the
concept of post-general yield fracture mechanics is
dominant. Important in this concepnt is the Crack Opening

. (5)
Displacement, C.0.D.

C.0.D.

The physical principle underlying the use of C.0.D. is
that, to extend a crack, the material just ahead of the
crack tip must be strained sufficiently to be parted by
whichever fracture mechanism (not mode) is operative.
In plane stress, for all stresses bhelow the general

yvield stress,cy, the C.0.D., ¢ is given by(6):

86 T
8 _  _.y aln sec 2pp
7 —igy .........

where o is the applied stress.
app

Fcr "brittle" fractures, equation 12 becomes:

Y crit} .........

F Oapp =

P S ——

I
!
!

e j
)



where 6crit is the critical C.0.D. Or, in simpler terms:

GCrit = Oyscrit = f(K) S
C.0.D. may therefore be related to K, as is shown in

Fig. 2 for example. By examining fracture surface of
C.0.D. specimens the degreee of quasi-microplastic
deformation at the crack tip preceding failure may be
related to C.0.D. This is the so-called "stretch-zone
width" - C.0.D. relationship(7), as shown in Fig. 3.

It is therefore possible to determine the fracture
toughness of a material from the inter-relationship of

these parameters.

FATIGUE AND FRACTURE MECHANICS

Some of the typical terms associated with fatigue are

shown in Fig. 4.

Fatigue tests are conducted using a stress of load

cycle similar to that shown in Fig. 4. This traditional
test is carried out until failure occurs and the data
obtained are plotted on a stress/number-of-cycles-to-
failure curve, referred to as an S-N curve, as shown

in Fig. 5.

It is evident from Fig. 5 that S-N curves show only one
stage in the fatigue process, i.e. the number of cycles
at which failure occurs. The stage at which crack
nucleation takes place and the growth of a crack pre-
ceding final fracture are not shown. The fatigue process
can be divided into stages of cycles to initiation (or
nucleation) and cycles to failure, with a growth or

propagation stage in between, as depicted in Fig. 6.

Obviously, to utilise materials efficiently it would be
desirable to avoid dealing with propagation, i.e. growth,
and final fracture. However, because of performance

requirements, this is not always feasible. Thus, a means



of dealing with fatigue crack propagationr must be devised.
This is normally accomplished by conducting fatique tests
on penels or components *that contain sone kind of nre-
existing flaw, such as <« crack or a notch. As the load
cycles are applied, the crack grows. During the test the
growth of the crack is monitored and recorded with the
number of cycles to produce a crack of known size. This

information is plotted on a curve of the type shown in Fig. 7.

These data can then be differentiated to determine the
crack growth rate per cycle, gg. The crack growth rate
can then be plotted versus the change in stress intensity

(because the crack is extendiug), aK.

For many materials, subjected to a wholly tensile

loading cycle, the rate of crack growth can be expressed

by an equation of the type:

da m
-— K)Y'" e e e 15
N C (aK)

where C is a material constant and m is an exponent,
usually about 3. There are at least thirty-three

relationships of this type in the literature(8).

REAL SPECIMENS, REAL TEETS AND MEANINGFUL DATA

The determination of K in real specimens is nmore complex
than equation 7 implies. The restriction imposed on a
crack in a specimen due to the boundaries of the specimen

must be considered.

(9) |

'or the CKS tension specimen shown in Fig. 8

D
k. o~ S L 16

L
BW?

where the compliance, Y is given by:

2 ’
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1

/2 2 V& v
Y, = 29.6<§> - 185.5<3> + 655.7<§> - 1017<§
2 W, W, W, \J

Y2 is sometimes referred to as the "stress intensity
coefficient". Similarly, if the same specimen is used
as a fatigue specimen, KI in equation 16 is replaced by
AK, calculated from:

AK = K - K . . -

However, since fatigue is a growth process, K at the
crack tip may increase as the crack length increases.
To overcome this problem the "constant K" specimen was

(4)

designed , as shown in Fig. 9.

K is derived from the relationship:

K BW;2
I = 10.9
P
(0.2 ¢ 2 < 0.5) e eeeeeee. 19
w
for which AK = K - K .
max min.
It has recently been pointed out(4), however, that in

fatigue, steady state conditions, pertaining to the
instantaneous value of AK, are always maintained at the
crack tip. In other words, the original CKS specimen

may be used.

Crack extension is frequently monitored by the Potential
Drop Monitoring Technique(lo). Here a constant d.c.
current is passed through the specimen and the change in
resistance of the specimen as the crack grows is detected
by measuring the change in potential across the open
mouth of the starter crack (or notch). Optimum positions
for the attachment of current leads and potential
measuring probes are shown in Fig. 10 for 'uniform

current' configurations in a CKS test piece(ll).



Calibration curves are determincd for a given specimen

configuration by plotting:

V_versus a, e.g. ¥Fig. 14, where V_ refcrs to the

VO w VO

potential drop V,; across the notch at any crack length
ratio, %, divided by the potential drop V,, corresponding

to an initial crack length ratio of f(%).

For static tests, a clip gauge, as shown in Fig. 19, is

often fixed to the notch gap, so that the C.0.D. can be

obtained from(6’10):
\Y
c = a + 2
- - t 1 i ..
8 r(W-a) 1 20
c
where Vc = c¢lip gauge displacement
c = crack tip C.0.D.
a = total crack length
W = test piliece width
p/ = distance of clip gauge from test
piece surface
r = rotational factor = %
For fatigue tests a subtle method of determining d§
is a fractographic technique which required the use
of a scanning electron microscope(B). Measurements of

fatigue striations can be made on a fractograph, as shown
in Fig. 11, or whilst the fractured specimen is in the
scanning electron microscope. Assuming one striation
corresponds to one cycle:

da _ 1 distance on fractograph

dN = magnification  striation count/unit distance

on fractograph

Several. types of curve are thus produced. For fatigue
da
dnN
in Figs. 13 - 16.

failure, a versas AK curve mayv be produced, as shown



DISCUSSION

The use of the CKS specimen without modification is
satisfactory when leaf springs are being considered,since
K, conditions apply in static and cyclic loading conditions.
When considering helical torsion springs and torsion bars,
however, the state of stress in the spring must be
understood in order to relate in-service stress states

to conditions of loading in laboratory test-pieces. The
state of stress in a loaded helical spring or a torsion

bar is shown in Fig. 17.

Under these conditions, i.e. in a perfectly elastic,
isotropic, homogeneous solid, a, = TmaX = —03. However,
in practice, the majority of failures observed in helical
springs occur in the tensile mode i.e. o, > Tmax = =03.
The reason proposed for this behaviour is that part of

the hydrostatic component, LY in a real metal is added

to the tensile component due to work hardening at the

(12)

crack tip ,» such that the gross resolved tensile stress

is gy + (a component of —63), i.e. the situation is akin

to carrying out a tensile test under superposed hydrostatic

pressure(l2). Since the hydrostatic component does not

(12) T will remain the same.
max
Irrespective of the opening mode, be it KI’ KII or KIII'

the propagation mode in tension, therefore, is always KI.

affect shear processes

Accordingly, the KI opening CKS specimen may be used to
relate behaviour in laboratory tests to the in-service
behaviour of both helical and leaf springs, in static and
cyclic loading conditions. The starter notch in the

CKS specimen must be sharpened by a fatigue crack prior to
testing, since fracture toughness has been shown to vary
with root radius (see Fig. 18); care must be taken to

grow these cracks at low cyclic stresses, so that the
effect of fatigue damage on the material properties at

the crack tip is minimised(4).

The results obtainable from static and cyclic loaded

CKS specimens yield two sets of data. From the static test,



values of K C.0.D. and str.tcn—-zone width may be

. Ko,
obtained bylghe iethods outlined. Similarly, in cyclic
%% may be obtained by one of tne methods described
and a value of AKIC may be cbtained from Region C in Fig. 12.
From the relationship shown in Fig. 12, the nucleation

loading,

stage may also be derived, together with the steady state
growth stage and, for a given material, a relationship of

the type described by equation 15 may be obtained.

CONCLUSIONS

1. The fracture mechanics approach to the fracture
behaviour of spring materials allows the
nucleation, growth or propagation stages of fracture
to be obtained. The rate of crack growth and the

fatigue fracture toughness may also be derived.

2. In static tests, the material fracture toughness
and the crack-opening displacement may also be

obtained.

3. The static and cyclic loading data may be obtained

using the CKS type specimen.

FUTURE WORK

Initial testing should be confined to the more commonly
employed materials such as En 45 and Cr-V steels. The
behaviour of materials in corrosive environments should

be studied and values for KISCC (KI stress-corrosion-cracking)
obtained. A comparison may then be drawn between the plane
strain toughness of materials in air, KI’ and the plane
strain toughness in aggressive environments, KIscc'
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FIG. 11  FATIGUE _ STRIATIONS ON A
SPECIMEN OF SWEDISH IRON,
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FIG. 17  TORSIONAL STRESS STATE IN A HELICAL SPRING.
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