
8.8 Cavitation Damage

The subject of cavitation has stimulated the interest of engineers and scien-
tists since the early experiments of Sir Charles Parsons in the late 19th Cen-
tury, so eloquently described by Burrill1. Since that time research effort has
been roughly divided between that concerned with the effects of cavitation
in fluid flow on the efficiency of hydraulic machines such as turbines, pumps
and propellers, and that concerned with the problems of material erosion
resulting from the collapse of the vapour bubbles. Several major texts have
been published(2"5), and excellent reviews have dealt with specific areas. The
latter will be identified in the relevant sections.

Bubble Dynamics

Since the term 'cavitation' was originally suggested by the naval architect
R. E. Froude to describe the clouds of bubbles produced by propeller blades
the engineering literature usually attributes its occurrence simply to a reduc-
tion in liquid pressure to the value of its saturated vapour. More correctly,
cavitation occurs when small visible bubbles are formed as a result of pres-
sure reduction to a negative value of about half an atmosphere. The visible
bubbles are derived from nuclei which are present in the fluid in the form of
minute gas bubbles and solid particles. In addition, nucleation is initiated
by gas bubbles trapped in crevices in surfaces containing the fluid. In a survey
of nucleating sources in the ocean, Acosta etal.6 concluded that micro-
bubbles with diameters less than 25 /xm were suitable nuclei, but there was
insufficient evidence to show that microparticulates in the same diameter
range had the same nucleating potential. In engineering pipework systems it
is well known that the addition of small quantities of air can 'trigger' cavita-
tion at higher values of the local cavitation index.

The effect of nucleating sources is important when attempting to scale
studies with models to full-size components. A common practice in model
tests is to expose the fluid to a high static pressure prior to testing in
order to drive free gas into solution. In contrast the seeding of water tun-
nels is considered to improve scaling particularly in high-speed propeller
applications7.

In fluid systems cavitation bubbles form in flow passages where a reduc-
tion in pressure occurs usually due to a local increase in velocity. Systems



subject to vibration, rather than changes in velocity, may experience cavita-
tion where bubbles are formed in an oscillating-pressure field. Each cycle of
oscillation generates and collapses the bubbles within the same volume of
liquid.

Bubbles grown from the nuclei identified earlier achieve a maximum
radius of perhaps 1 mm then, when the local pressure field increases to a
critical value, they collapse violently within a few microseconds. Where
the collapse phase occurs close to a solid surface damage is produced which
is characterised by the appearance of small pits. The growth and collapse
of cavitation bubbles has been extensively studied, and excellent reviews
are available4'5'8'11. Despite much research effort the mechanism by which
materials are damaged has not been fully explained. It is, however, clearly
related to the conversion of the potential energy associated with the size of
individual bubbles prior to collapse into kinetic energy of the surrounding
liquid during the collapse phase. Two mechanisms have been proposed. The
first involves the pressure of the shock wave radiated towards the surface and
the other suggests that damage results from the impact of a high-velocity
micro jet which emerges from the collapsing bubble.

Models for both damage mechanisms have been proposed by Lush12 and
Grant and Lush13. Their analyses take into account effects such as air con-
tent and liquid compressibility in calculating collapse shock pressures and
it is found that these are comparable with the tensile strength of many
commonly used materials. Both Lush and Hammitt acknowledge that the
volume of plastic flow required to produce a pit is similar to the work done
by a hardness machine indentor, i.e. the stress required is given approx-
imately by the hardness. Lush14 argues that, since the hardness, when
expressed as a stress, is roughly three times the tensile strength together with
the probable reduction in collapse pressures to below the maximum calcu-
lated values, it is unlikely that the shock wave mechanism would explain
pitting except in very soft materials. It would appear that the required magni-
tude of stress is produced by 'water hammer' pressure developed when a
conical tipped micro jet having a velocity in the range 100-400 m/s is arrested
at the material surface. Despite the magnitude of this pressure, typically 1800
MPa with an ambient pressure of 0.1 MPa, the stress generated may not be
sufficient to cause plastic deformation, and damage takes place only after
repeated impacts. This implies that the damage mechanism involves a high
frequency fatigue stress with the probability that local failure of the material
will occur at stresses lower than the tensile strength.

Materials

The intensity of cavitation erosion damage may be extremely severe in
fluid flow situations and the consequences of such damage are extensive in
terms of cost and loss of operational time. An example in a large civil engi-
neering structure was the collapse of a tunnel discharging water from the
Tarbela Reservoir in Northern Pakistan described by Kenn and Garrod15.
The cause was attributed to the severity of cavitation damage experienced
by the concrete walls of the tunnel when high velocity water streams sepa-
rated from discontinuities such as piers and buttresses. Velocity differentials



in excess of 30 m/s were generated and the sheared flow contained vorticity-
induced cavitation cavities. In downstream regions where local pressure had
recovered, erosion caused penetration of the concrete walls to a depth of 3.4
metres in the period of a few days.

Such examples serve to demonstrate that both designers and operators
of hydraulic systems must be aware of the potential consequences of cavitat-
ing flows and take steps to minimise their occurrence. Where design and
operation are optimised cavitation damage may be further reduced by the
use of erosion resistant materials. Figure 8.77 illustrates the results of
comparative erosion tests on engineering metallic materials using a
laboratory method, described earlier by Godfrey27, for inducing hydro-
dynamic cavitation. From cast iron to the Co-Cr-W hard-facing alloys the

Fig. 8.77 Comparative volume erosion rates for engineering materials
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volume erosion rates cover nearly two orders of magnitude representing a
considerable difference in erosion resistance. In practice the advantages to be
gained, for example in pumps, may be represented by changes in the casing
material from gunmetal or cast iron to austenitic steel and the impeller from
gunmetal to aluminium bronze, austenitic or duplex steels. Care must be
taken in selection where a corrosive fluid is involved and in particular with
seawater.

The recent advances in polymer technology have resulted in the increas-
ing use of these materials in engineering applications such as pumps, valves
and piping systems particularly for the handling of corrosive fluids. Figure
8.78 gives a ranking of some polymeric materials tested under the same con-
ditions of cavitation intensity as the metallic materials. The test method
relies on mass loss to calculate volume erosion rates using the specific gravity
and, due to the variability of water absorption of the polymers during the

Most Resistant

Least Resistant

Fig. 8.78 Cavitation erosion resistance ranking of solid polymers
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test period, erosion resistance could be expressed only in a qualitative way.
It is possible, however, to make reasonably reliable comparisons between
some of the more resistant materials. Polyacetal, for example, exhibits simi-
lar erosion resistance to nickel aluminium bronze, and the most resistant of
the polymers tested, HMW polyethylene, could similarly be compared with
the nickel-base and titanium alloys.

The role of coatings as protection against erosion damage has developed
as a result, in the case of polymeric materials, of a better understanding
of their behaviour when subjected to dynamic loading. This aspect of
the use of such materials in naval applications was considered by Angell
etal.16. Recent developments in elastomeric coatings have produced high-
performance polyurethane systems capable of resisting moderate levels
of cavitation intensity. A coating thickness of 2-3 mm may be required to
ensure resistance against erosion and impact. Provision of conditions to
promote the optimum adhesive bond is crucial to the performance of
these materials. Ceramic coatings, although brittle, resist low levels of
erosion intensity, but porosity reduces long-term performance due to
inter facial corrosion particularly in seawater. Improvements in spraying
techniques have alleviated this problem to some extent and good erosion
resistance has recently been claimed for polymer/ceramic composite
systems.

Cavitation Erosion Test Methods

The earlier contribution to this section identified four hydraulic and one
vibratory test methods. The latter was subsequently recognised by the
American Society for Testing and Materials as a standard method for the
determination of cavitation erosion resistance (ANSI/ASTM G32-85).
Although possessing many advantages this method has been criticised
because the cavitation is not induced hydrodynamically. A useful test has
been devised by Lichtarowicz17 which combines this feature with the sim-
plicity, high erosion intensity and comparatively inexpensive operation
offered by the vibratory method. In this test a submerged liquid jet is
delivered at high velocity into a chamber, in which the pressure is controlled
through a sharp entry parallel bore nozzle of small diameter. Cavitation is
induced in the contracted flow region within the nozzle, is stabilised in the
parallel section and emerges to impinge upon a disc-shaped test specimen
mounted in its path at a known distance from the nozzle. The controlled
upstream pressure is generated by a positive displacement pump with modest
power requirements. This method may, in the future, become an alternative
standard test procedure.

The Erosion Process

The process by which a material becomes eroded when exposed to the forces
resulting from the collapse of cavitation bubbles proceeds in a number of
stages according to Thiruvengadam and Preiser18. In the first of these, the



incubation period, no detectable mass loss occurs but damage is visible. In
the ductile engineering materials this takes the form of pitting, but brittle
materials may also show cracking. During the second phase the erosion rate
increases and reaches a maximum value. As the exposure time increases two
further stages in the process have been identified which appear to depend
upon the test method employed. The third phase is one in which the erosion
rate remains more or less constant until the final phase is reached when
the rate tends to decrease. These stages were initially defined using a vibra-
tory test method and in venturi type hydrodynamic methods the separa-
tion between the stages may be indistinct unless it is possible to remove and
weigh the specimen frequently. In practice, erosion rate values obtained
from venturi type tests are derived from total volume loss divided by total
exposure time as for the data presented in Figs. 8.77 and 8.78.

The erosion rate depends upon the cavitation intensity as defined by the
fluid velocity and cavitation number. A general form of the latter is given in
the earlier contribution by Godfrey. At constant velocity, with the cavita-
tion number reducing from the value for inception, the erosion rate increases
to a maximum and then decreases. At a constant cavitation number, how-
ever, the erosion rate varies with powers of velocities ranging from 3 to 10
although a narrower range of 6 to 8 is normally quoted. Harder or more
brittle materials tend to have a higher power dependency than ductile mate-
rials. Factors which influence erosion rate have been considered in a review
by Hutton19.

Erosion resistance is also dependent upon material properties but, despite
the efforts of many researchers, no clear correlation with a single property
has emerged. Lush14, in the light of recent knowledge, analysed the results
of Mousson20 who measured the erosion resistance of many materials in
relation to their yield and tensile strengths, ductility and hardness. It appears
that, for a particular type of cavitation and intensity, erosion resistance cor-
relates well with hardness for related materials. It is also found that resilient
materials of low hardness have a high erosion resistance similar to stainless
steel, as indicated earlier, and ductile materials of a given hardness are more
resistant than brittle materials of similar hardness. These anomalies and the
importance of both ductility and resilience led to a correlating parameter
termed the 'ultimate resilience' (UR) given by (tensile strength)/(2 x Young's
modulus). Lush concluded that the correlation of erosion resistance with UR
is good, but not significantly better than with hardness. A similar conclusion
was reached by Hammitt21, and it would appear that in the range of general
engineering alloys a good correlation is obtained where a power of hardness
in the range 2.0 to 2.5 is used.

Cavitation in Pumps

Depending on its severity, cavitation in pumps can result in loss of per-
formance, severe erosion, vibration and noise. All these effects may be
minimised by attention to design and operation, and by prudent use of
erosion-resistant materials. Pumps vary considerably in design and function,
and it is convenient to use the centrifugal pump to illustrate cavitation prob-
lems because of its common usage in fluid systems.



The cavitation performance depends, to a large extent, on the conditions
at the pump inlet or suction. These are defined by the parameter 'net positive
suction head' (NPSH):

NPSH = /za - hv - h - Hf (8.16)

where ha is the head due to atomspheric pressure, h is the height that the
pump is required to lift the fluid, and hf is the total head loss due to fluid
flow in the suction pipework. Pump pressures are conventionally expressed
in height of pumped fluid (head) above a datum point. The NPSH, therefore,
represents the total head available at the pump suction with reference to the
head corresponding to vapour pressure, /zv. To avoid the more serious
effects of cavitation the NPSH available at the pump suction must exceed the
NPSH required by the pump by the greatest margin possible. NPSHR is a
function of the pump design and increases with increasing flow.

A pump is normally supplied to achieve a specified flow rate by generat-
ing sufficient head to overcome the resistance of the system22. Figure 8.79a
shows typical pump characteristics supplied by a manufacturer in attempting
to meet the duty conditions required with optimum efficiency. The rate at
which the generated head is reduced with increasing flow rate is determined
by the NPSH available. For example, if the initial NPSH of a pump instal-
lation is low it rapidly approaches the NPSH required as flow increases until
a critical point is reached beyond which cavitation causes the impeller
passages to become filled with an air/water mixture (referred to as 'choking')
and performance deterioriates rapidly. This point is defined by a measured
fall in head (usually 3%) relative to the non-cavitating value. The onset of
cavitation occurs at a much higher value of NPSH than the critical value and
erosion rate and noise level will have reached a peak and declined before
the 3% head drop point is reached. Figure 8.79b shows the zone over which
erosion may occur when NPSH is reduced, and illustrates how the problem
is exacerbated when the pump is operated away from the design flow rate.
This is supported by Fig. 8.79c which shows, for constant pump speed and
flow rate the considerable difference in NSPH between cavitation inception
and performance breakdown. If freedom from serious erosion is required
NPSH should be at least three times the 3% head drop value at the design
flow rate (assumed to be the best efficiency condition). For flow rates lower
or higher than the design value this should be increased to 6 and 12 times,
respectively. It is important to appreciate that severe erosion damage may be
occurring without significant loss of performance and that operating condi-
tions should be chosen so that the pump is near to the point of maximum
efficiency.

In practice it is expensive, and therefore uneconomic, to produce a pump
which operates completely free from cavitation. As a result it is usual for
commercial pumps to operate in the NPSH range between inception and a
point where erosion damage is unacceptable. The extent of this range may
be increased by using impellers made from the more resistant materials
shown in Fig. 8.77. The subject of cavitation in pumps has been dealt with
extensively by Pearsall3 and Grist23.



Fig. 8.79 (a) Pump performance characteristics. (&) Cavitation erosion zone, (c) Effect of
reducing net positive suction head

Reducing Cavitation in Valves and Orifice Plates

Cavitation in pipe systems is possible wherever there are changes in section
or flow direction such as expansions, bends and branches. However, serious
erosion problems are normally only associated with components within
which flow is severely constricted and consequently accelerated. If pumps
are excluded then, in most systems, this situation applies to devices used

Head
Efficiency

NPSHn
Design Flowrate

Non Cavitating Zone

Erosion Zone

Design Flowrate

Flowrate

3% Head
Drop

Cavitat ion Inception

Generated Head
Erosion Rate
Sound Pressure Level

Net Posit ive Suction Head

N
et

 
P

os
iti

ve
 S

uc
tio

n 
H

ea
d

G
en

er
at

ed
 H

ea
d,

 E
ro

si
on

 R
at

e
& 

S
ou

nd
 P

re
ss

ur
e 

Le
ve

l

F lowrate



to control the fluid flow, namely orifice plates and various types of valve.
Lush24 has proposed cavitation criteria for these components using the

empirical data of Tullis and Ball25 and Boccadoro and Angell26. The cavita-
tion index used is based on conditions at the throat of a valve and, corres-
pondingly, the 'vena contracta' of an orifice plate.

-*£%

where the subscript T infers throat conditions. Unfortunately neither the
pressure /?T nor the velocity UT can conveniently be measured, but it is
found, using Bernoulli's equation, that aT is related to the upstream condi-
tion denoted by the subscript O.

a0+ 1 = (*r+ 1) (AQ/AT)2 (8.18)

A0 and AT, are the areas of the pipe and valve throat, respectively, at a
particular point in the valve opening range. As with the velocity and pres-
sure at the throat, the area AT cannot usually be measured. However aT is
also related to the upstream cavitation index a0 when the flow in the valve
is 'choked'. In the valve context this is the condition which exists when
further reduction of the downstream pressure fails to increase the flow
through the valve. The value of aT is given by the expression:

*T = ̂ f^ (8.19)
1 + *och

Now it appears that the value of a0ch may be estimated by using the loss
coefficient K determined at choking provided K is not too small. This is
unlikely since in most valves effective flow control occurs at very small throat
area when the valve is in the 10-30% open range. The loss coefficient is deter-
mined from the pressure loss across the valve and the velocity in the upstream
pipe at choking.

_ Pressure loss across the valve at choking
^ch = 1—772 (8.20)

2 P UQ

In the analysis of published data on choking conditions in valves of several
different types in the size range 50-250 mm, Lush found that when a0ch was
related to Kch by the following expression good agreement was obtained:

a0ch = 2fech + Kch (8.21)

The final estimation of the value of aT may appear tedious and several
assumptions are made in its derivation, but experimental evidence suggests
that it may be used with reasonable accuracy to assess the levels of poten-
tially damaging cavitation erosion. In small valves with nominal bores up to
65 mm cavitation inception occurs in intermittent bursts when the value aT
is approximately unity. The cavitation becomes continuous and audible as
<JT is reduced to about 0.6, but the risk of damage does not become signi-
ficant until the value falls below 0.4. As a design criterion the condition of
light, steady noise has been described by Tullis as the 'critical' level and is sug-



Size/mm

Fig. 8.80 Inception and critical aT values for valves including data from Tullis

Orifice plates may be treated in the same way as valves using an appro-
priate value of aT to determine the ratio A0 /AT which provides an optimum
flow control characteristic within acceptable cavitation limits.

B. ANGELL
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8.9 Outline of Fracture

Mechanics

There are a number of fracture modes, the most important of which are
ductile overload, which is fairly well understood and can be predicted
reasonably accurately, and brittle fracture, which is less predictable from an
engineering viewpoint and can cause catastrophic failures due to the speed
of the fracture.

The early study of brittle failures, notably those of the Liberty ships,
indicated a temperature dependence. This can be illustrated by plotting both
fracture stress (af) and yield stress (ay) against temperature (Fig. 8.81).
Below a certain temperature some materials exhibit a transition from ductile
to brittle fracture mode. This temperature is known as the ductile-brittle
transition temperature DBTT.

Temperature

Fig. 8.81 The temperature dependence of fracture stress and yield stress

Materials with a high yield stress tend to go through the ductile to brittle
transition at higher temperatures. This property has led to the assump-
tion that true brittle fracture, unlike ductile fracture, is not accompanied by
the motion of dislocations. The validity of this assumption is sometimes
confirmed by the appearance of brittle fractures, which show essentially no
ductility.
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Fig. 8.82 The variation of interatomic force with atomic separation

Brittle fracture may be considered, therefore, as two layers of atoms
being pulled apart until the interatomic forces fall below their maximum
(Fig. 8.82). Using this information it is possible to calculate the fracture
strength of a perfect crystalline solid (ath), e.g.

"th = J^ (8.22)
\ tfo

where a0 is the lattice parameter, E is Youngs modulus, and 7 is the surface
energy. This theoretical fracture strength was found to be approximately two
orders of magnitude higher than those measured experimentally in engineer-
ing materials. This deviation from the ideal case was attributed to defects
within the solid causing localised areas of stress concentrations.

Inglis extended this idea of stress concentrations at defects and derived an
equation relating the maximum stress to the size and shape of the defect1:

<W = "app [l + 2j|J (8.23)

where <rmax is the maximum stress at the crack tip, aapp is the applied stress,
a is the half-crack length, and/? is the crack-tip radius. This idea was used
by Orowan when deriving the fracture strength of a defective solid2. He
proposed that the sharpest crack would have a crack tip radius of aQ, the
lattice parameter. This led to the following equation:

°f = AJS (8'24)

Griffith3 derived a similar equation using an energy balance approach,
equating stored energy with the energy required for crack propagation:

12/7X/

"Nn? (8'25)

lnternuclear repulsion
Repulsive

Force (stress)

Attractive afn

Interatomic
distance

Electron to nucleus attraction



Equations 8.24 and 8.25 only apply to elastically brittle solids such as glass.
However, many engineering materials only break in a truly brittle manner
at very low temperature and above these temperatures failures are pseudo-
brittle. These have many of the features of brittle fracture but include
limited ductility. This plastic work can be included in the above equations,
i.e.

«-<a (8-26)
where G = 2y + p, p being the energy used to cause the plastic deforma-
tion during fracture.

This plastic deformation is localised around the crack tip and is present
in all stressed engineering materials at normal temperatures. The shape and
size of this plastic zone can be calculated using Westergaards analysis4.
The plastic zone has a characteristic butterfly shape (Fig. 8.83). There are
two sizes of plastic zone. One is associated with plane stress conditions, e.g.
thin sections of materials, and the other with plane strain conditions in thick
sections-this zone is smaller than found under plane stress.

rj(plane stress)= J W' (8.27)
2 L C7y J

r*(plane strain) = 0.16- ^ (8.28)
2 L <7y J

Where r£ is the plastic zone size along the plane of the crack and perpen-
dicular to the applied stress. The above two equations are only a first approx-
imation as the plastic zone contributes to the crack size. The true plastic zone
is twice the initial approximation.

The critical crack size is related to the fracture toughness of the material,
which can be characterised by the value of the stress-intensity factor, Klc,
when the crack begins to propagate. Klc is also known as the plane strain
fracture toughness and defines the stress field at a crack tip. Therefore once
Klc has been found for a material, the critical crack length, 0crit, or the
critical fracture strength, acrit can be found in other geometries provided the
equation relating #crit, acrit and Klc has been defined. The equations usually
take the form:

Fig. 8.83 Stressed crack tip with associated plastic zone

Plastic zone

Crack



K1 = Yajtta (8.29)

where Y is a geometric function of crack length and specimen width.
There are a number of restrictions on the test for Klc for it to be a valid

measure of plane strain fracture toughness. Firstly, the plastic zone must not
extend through the test piece and secondly the thickness of the material must
be such that the test is conducted under plane strain conditions.

The Klc test for fracture toughness is a valuable test for high-strength
materials that behave in a brittle manner at ambient temperatures. However,
many materials such as mild steel are ductile and as such require very large
test specimens. Such test results cannot be used in conjunction with normal
engineering structures using reasonable-sized section thickness. To cover this
class of materials a branch of fracture mechanics called general yielding frac-
ture mechanics, GYFM, was devised.

One way of looking at the fracture characteristics of a ductile material
is by measuring the amount of plasticity at a crack tip prior to crack pro-
pagation (Fig. 8.84). One test which measures this is the crack-tip opening
displacement (CTOD), 6. Wells5 has found that 6 can be related to the
strain energy release rate, G9 by the formula:

G = ̂ ayd (8.30)

A similar result was found by Burdekin and Stave6. For this test to be
valid, the material tested must be of the same thickness as the structure being
analysed. This is due to the effect of material thickness on the toughness
versus temperature characteristics (Fig. 8.85).

A more universal fracture characteristic for use with ductile materials is
the 1J integral'. This is similar to CTOD but relates a volume integral to a
surface integral and is independent of the path of the integral7; it can be
classed as a material property. The J integral can also be used to predict
critical stress levels for known crack lengths or vice versa.

Another useful way of predicting the way and rate at which a crack will
grow given known conditions is the R curve method used for plane stress
studies8. A number of tests are required to generate the R curve (Fig. 8.86)
which is the graph of G versus crack growth. At low stress, G1, no crack
growth can occur since the available energy release rate is insufficient.
Increasing the stress to a2, the available energy equals the critical strain

Unstressed Stressed

Fig. 8.84 Crack tip opening displacement



Temperature

Fig. 8.85 The variation of crack tip opening displacement with temperature

energy release rate and the material fails by fast fracture. However, if the
material is in plane stress the crack would not run due to lack of energy but
by increasing the stress the crack would grow in a slow stable manner until
the applied stress is equal to a4 when the crack has grown to critical size and
catastrophic failure occurs.

Another important class of fracture is fatigue which is caused by an
oscillating stress system. Under these conditions a subcritical crack can grow
by discrete steps during each cycle until the crack becomes critical and runs
in the normal manner. Three parameters are required to describe the fluc-
tuating stress pattern: the mean stress, the stress range and the period of
oscillation. It has been found that some materials exhibit a fatigue limit, i.e.
a stress below which no crack growth can occur (Fig. 8.87).
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Fig. 8.86 Typical crack resistance R curve
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Fig. 8.87 Typical fatigue properties on an S-N curve

An empirical relationship between the rate of crack growth and the stress
range has been formulated (Paris - Erdogan Law):

^ = C(&K)m (8.31)
d/V

da
where C and m are material constants, -— = crack growth per cycle and

d/V
A^ = Kmax - K^ where Kmax = amaxVlItf and A^1n = amin>/IItf. Using the
above formula, crack growth rates and structure lives can be predicted. If
the structure is subjected to a number of different oscillations the effect on
the life to failure can be approximated by using the Miner rule:

*^+-s£-'

where N1 is the number of cycles to failure at stress level O1 and n{ is the
actual number of cycles endured at that stress.

Materials subjected to high temperatures during their service life are
susceptible to another form of fracture which can occur at very low stress
levels. This is known as creep failure and is a time dependent mode of frac-
ture and can take many hours to become apparent (Fig. 8.88).
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Creep deformation can be split into three separate parts. The first, tran-
sient creep, is a short lived phenomenon which gives a high initial rate of
deformation but decays according to the expression:

et oc /Jf 2 (8.33)

This is then replaced by a period of steady state creep which, depending
on the temperature and stress level, takes up the greatest part of the creep
life.

ess ex yt (8.34)

/3 and 7 are constants whilst t is time of exposure.
Creep rate (e) during this period can be predicted from the following

equations:

[-Q-]
e = const, exp —^ (8.35)

LRT_\

for constant stress, and

f a l
e = const, exp —const.— (8.36)

L RTj
for constant temperature, where Q is the activation energy for the process.

The final stage of creep is known as tertiary creep at which time the creep
rate increases rapidly culminating in failure. This acceleration in creep is due
mainly to the formation of voids and microcracks in the material which form
along the grain boundaries causing the fracture path to be predominantly
intercrystalline.

All the above modes of fracture are affected by the environment around
the crack tip. This behaviour is typified by the phenomenon of stress-
corrosion cracking where a crack, which is subjected to a subcritical stress
concentration, will grow in a corrosive environment when K1 ^ Klscc (Klscc is
the critical stress concentration for stress-corrosion cracking). Therefore, to
predict accurately the occurrence of cracking and crack growth rate, not only
the materials properties are required but also information on the immediate
environmental conditions.

G. N. KING
R. A. JARMAN
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