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ABSTRACT

This paper discusses several important types of
turbine blading failure. A review of the basic cau-
ses of blading failures, e.g. fatigue, corrosion,
stress corrosion cracking, erosion, ete., is given.
Procedures for calculating stresses associated with
such failures and the number of cycles to failure
are reviewed. The familiar Goodman diagram proce-
dure for cycles to crack initation is included,
plus a fracture mechanics approach to give the num-
ber of propagation cycles. Four case histories of
turbine blade failure are described in detail, in-
cluding operating conditions, diagnostic procedures
used, determination of failure cause, and remedies
chosen to avoid further blading failures, in each
case. 13 references to the subject literature are
given.

RESUMEN

En este trabajo se discuten varios tipes im-
portantes de fallas de dlabes de turbinas. Se revi-
san las causas fundamentales de dichas fallas, ta-
les como fatiga, corrosién, ruptura por esfuerzos
de corrosidn, erosidn, etc. También se revisan los
procedimientos para el cdlculo de los esfuerzos a-
sociados a tales fallas y para el niimero de ciclos
antes de la falla. Se incluye el conocido procedi-
miento del diagrama de Goodman para el cdlculo del
niimero de ciclos antes del comienzo de la ruptura,
451 como tambifn una interpretacidn del mecanismo
de ruptura que permite calcular el niimero de ciclos
de propagacidn. Se describen en detalle cuatro ca-
g0s de fallas de dlabes de ‘turbinas, incluyendo
condiciones de operacidn, el procedimiento usado
para el diagndstico, la determinacifn de la causa
de la falla y los remedios escogidos para impedir
nuevas fallas en cada caso. Se dan 13 referencias
bibliograficas.

INTRODUCTION

Service failures of turbine blades are infre-
quent but costly events, Electrical utility records
show nearly 30 percent of all steam turbine forced
outages are attributable to blade problems such as
eracking, erosion, component fracture, etc. Blade-
related rturbine outages may range from several days
for a simple blade replacement in a small unit, to
several months downtime for a significant blading
failure in a large unit with consequential damage.
Qutage duration is obviously influenced by the
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SOME SERVICE PROBLEMS OF TURBINE BLADES :

FACTORS AFFECTING DIAGNOSIS AND CORRECTION

availability of replacement parts, as weil as re-
pair time. Similar circumstances apply to process
drive turbines and to marine propulsion turbines.

This paper discusses several causes of steam
turbine blading failures, with important factors
relating to these failure causes, Corrective mea-
sures which have been used succesfully in the
past to overcome such problems are indicated. Know-
ledge of potential problem areas and of corrective
measures is of value to designers and turbine oper—
ators wishing to avoid similar problems in the fu~
ture. Procedures for the analysis of stress-related
blading failures involving both high-cycle and low=
cycle fatigue are described. These procedures per-
mit quantitative assessments to be made of cases
involving major stress-related failure mechanisms
such as fatigue, corrosion fatigue, and stress cor-
rrosion. Several case histories of blade failures
are described, together with practical vemedies
which were used to overcome these failures.

Most blading problems present and unclear vari-
ety of evidence when the turbine is first opened.
The first task is to carefully record and evaluate
the failure data and operating conditions which
the blading has experienced, when looking for the
cause of a given problem. ldentification of the
failure cause is the first major step toward pre-
seribing an effective solution. However, problem
diagnosis may be a secondary objective in the pe-—
riod inmediate following the failure. The turbine
operator usually wants to 'get running'again, using
some interim arrangemernt such as reblading with
available replacements or removal of the damaged
row. Properly utilized, this situation offers a
valuable time-opportunity for thorough investiga-
tion and diagnosis of the problem as a basis for a
more permanent fix to be installed at & futur out-
age.

BLADE LOADING CONDITIONS

The ability of a blade to support its applied
loads depends on:

a. Strength of blade material in its enviromment

b. Magnitude and distribution of steady mean
stresses

c. Magnitude and distribution of alterning stress—
es
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d. Loading history, including power and overspeed
conditions

Strength of the blade material is influenced by
possible corrosive effects in the environment, by
mean and alternating stress leve’s, by transient
peak overload conditions, and by the number of ap-
plied load cycles. Turbine blades may be subject to
complex three - dimensional stress conditions at
their attachments to adjacent blades in the group,
and at their attachments to rhe rim of the disk,
Both the mean stresses and the alternaling stresses
have localized maximum values at such locations, ie
at the cover-tenon junction, at the tie-wire at-
tachments at certain locations in the airfeil sec-
tion, at the airfolplatform junction, and in the
blade root/disk attachment region. The mean stress
value depends on centrifugal and steam loading con-
ditions. Alternating stresses result from stean
(and other) dymamic stimuli, from the modal re-
sponse properties of the blade group, from the de—
gree of modal damping involved, and from the extent
of the dynamic coupling which occurs  between
the stimulus and the blade group modes. Loading
history involves such factors as overspeed events,
base load operation vs. peaking operation, and ma-
chine MWe load profile. It also may involve more
subtle dynamic factors such as circumferential
pressure distribution resulting from exhaust hood
geometry, from reheat/extraction port locations,
size, and arrangements, and from manifold strut-ar-—
rangements, water ingestion, condenser vacuum Tup-
ture, and electrical line-switching transient con-
ditions.

DTAGNOSIS OF FAILURE MECHANTSM

A variety of vibration sources may exist within
a turbine stage, but in most instances the result-—
ing blade wvibration amplitudes and associated
stress levels are small and dnsignificant. Occa-
sional cases have been observed where the vibration
amplitudes of blades were shown to be large enough
to have caused blade failure by fatigue. More fre-—
quently, blade vibration plus some other signifi-
cant factor, eg corrosion, residual stresses, was
involved, Correct diagnosis of the failure mecha-
nism is necessary before modifications can be pro-
posed with confidence. The following questions may
provide useful information when seeking the cause
(s) of a given blade failure:

a. Does the evidence suggest that failure was due
to (i) high cycle fatrigue, (ii) low cycle fatigue,
(iii) stress corrosion, (iv) corrosion assisted fa-
tigue, (v) erosion, (vi) creep, (vii) other sour-—
ces, eg water ingestion?

b. What were the tangential, axial, and group nat-—
ural frequencies of the blades under operating con-
ditions? What were the associated mode shapes?

c. Was resonance possible between any blade group
mode and any per-rev excitation harmonic ( lx, 2x,
ete.)t

d., Was resonance possible between any blade group

mode and any harmenic of mnozzle-passing frequency
(1 x NPF, 2 x NPF, =—=—==)

e. Where was the failure initation site locacted.
Was there evidence of local damage from corrosion,
erosion, impact, or other initiating cause in that
region?

f. What are the operating load and speed cycle
history details for the machine since the original
spin pit proving tests? How many overspeed governor
trips have occurred? What speeds were reached in
such cases?

g. What was the chemical history of the steam op-
erating conditions. Where was this sampled?

Other considerations such as location of Wilson
line in the machine, electrical network load varia-
tion details, and unit thermal cycling profile de-
tails may also be important. Some known features of
several important blade failure mechanism are dis-
cussed in the following section. It is evident that
monitoring of speed and load to identify any tran-
sient conditions can provide important diagnostic
information in such instances.

TYPES OF RLADING PROBLEMS

A. TFatigue

Fatigue in turbine blades is broadly classified
as either high-cycle fatigue or low-cycle fatigue.
High-cycle fatigue is generally associated with a
high mean stress level and moderate dynamic stress-—
es. With high-cycle fatigue, a large portion of the
time to failure is taken up with the initation of
the fatigue crack. When a crack develops, the
stresses at the crack front are much increased, and
crack propagation usually takes place quite rapidly
under the same alternating blade load which caused
the erack to initiate.

Low-cycle fatigue is commonly associated with
fewer load cycles applied through a much larger
stress range than that which occurs with high-cycle
fatigue. A typical low-cycle fatigue would be from
zero to maximun stress, such as the star-stop cy-
cling of a blade or disk to centrifugal force. For
any turbine blade in which the local maximum stress
exceeds the material yield point during the load
cycles will be needed to cause a crack to initiate
(and subsequently to propagate) compared with the
cracking and propagation rates observed in high-
cycle fatigue.

Many sources of harmonic stress exist in tur-
bine blade applications. Steady harmonic excita-
tions are continously applied to the blades from
many sources such as nozzle wake excitations. Under
resonant conditions, these excitations may cause
large dynamic stresses to occur in a2 blade due to
the low damping which exists in most turbine
blades. Transient blade excitations of large magni-
tude may also occur, and cause transient vibration
stresses to occur. Such transients may arise from
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network electrical fault conditions at the genera-
tor, or from partial steam admission on start-up,
and so on. Intermittent blade vibrations evidently
tend to cause slower overall crack growth rates,
but the growth increment can be larger where large
dynamic stresses are involved,

High-cycle fatigue failures can usually be rec-
ognized by visual inspection from the characteris~
tic pattern of lines (called beach marks) which ra-
diate from the fatigue crack site. The surface may
be uniformly polished from the rubbing of the crack
surfaces against each other during vibration. The
surface may also be tinted, depending on whether
corrosion has ocurred from the gas/steam environ-
ment. Frequently there is intermittent growth of
the fatigue surface. This indicates intermittent
growth of the fatigue crack, showing that crack-
driving excitation -was not constantly applied
throughout the blade fatigue life. See figure 1.

Many high-cycle blade fatigue failures origi-
nate at some structural discontinuity or stress
raiser, Such failures are frequently related to
steady high local stresses, eg. from centrifugal
blade loading, as well as dynamic stresses. With
high steady stresses, more moderate vibratory
gtresses may cause a crack to initiate and propa-
gate from the stress raiser. The same conditions
can also cause an existing crack to propagate and
grow until the component fails.

Low-cycle turbine blade fatigue failures are
frequently associated with corrosion or high ctem-
perature. The influence of these effects on fatigue
is discussed later. Where cyclic stresses alone
have led to low-cycle fatigue failure, the progres-—
give development of the crack can often be seen
from electron microscope photographs, figure 2.

B. Corrosion

Corrosion-assisted failures have occurred in
blade roots and in disk steeples, and in the wvane,
tie wire, tenon and cover sections of the blade.
Such failures typically occur at points of high op-
erating stresses: The presence of dynamic stress is
not required for stress-corrosion failure to occur.
Corrosion fatigue may also occur where large dynam-
i¢c stresses are applied. This is discussed in the
next section.

Corrosive attack on blade and disk materials
arises from chemical impurities in the steam, such
as sodium and potasium chlorides, sulphides and
carbonates., These substances usually exist in the
steam in small quantities. Efforts are made to re-
duce chemical impurities by water treatment. The
effect of even very small quantities (parts per
billion) may be concentrated by entrapment in
grooves and cracks. Where such entrapment occurs at
or near high-stress regions, stress corrosion may
result. Evidence of concentrated corrosive attack
may range from general degredation of the surface
quality to corrosion failure of a component. See
figure 3.

= 35 =

Corrosion coupled with component stress and
and steam/erosion may result in sufficient deterio-
ration of a blade airfoil surface to affect the op-
erating performance over a period of time. corro-
sive build-up of deposits on blade surfaces can ad-
versely affect stage operating efficieney by sever-
al percent. This has occurred in large, utility
steam turbines, process -turbines and geothermal
steam turbines. Stress - accelerated breakdown of
surface condition is another important practical
source of turbine blade degradation.

The possibility of stress corrosion cracking
and failure of a given component may be assessed by
fracture mechanics procedures, Visual data which
suggests this type of failure are the presence of,
white or gray chloride, sulphide, and/or carbonate
deposit (nodules) generally coating the surfaces
(moving and stationary blades). Signs of corrosive
pits (small or large) may be evident especially
near known regions of high stress, eg. notches. Ad-
ditional data can be obtained from microscopic ex=-
amination of the same surfaces, fig., 3. This may
reveal additional corrosive degredation of the sur-
face, and a variety of small and large pits, Medium
-power microscope studies of sections through the
surface may reveal that the progress of the crack
has been aided by corrosive attack along the grain
boundaries (intergranular cracking). The most in-
formative source of such data is photographs from
the scanning electron microscope which reveals the
presence of corrosive attack as large nodules of
corrosion products in such pictpres. See case His-
tories.

A recent paper by Jonas (1), discusses the gen-
eral problem of corrosive attack on components from
steam impurities. Table 2 herewith is taken from
this paper. It identifies the locations, component
materials, and associated chemical deposits observ-
ed at the sites of a variety of turbine plant prob-
lems. Three regions are specified as most suscepti-
ble to corrosion. (a) Regions where metal or steam
temperatures are around the melting points of cor-
rodents, eg. NaOH T, = 604°F. (b) Regions dinme-
diately ahead of, or at first condensation, eg. LP
turbine stage at Wilson point. (Pitting, stress
corrosion, and corrosion fauvigue of blades and
disks occurs most often in this regiom.) (c) Super-
heated metal surfaces where impurities can concen-
trate by evaporation and drying. Longterm ( 24,000
hours) tests (1) on certain turbine steels at 150°F
in a 28 percent WNaOH, solution, have shown that
stress corrosion cracking may occur at stresses
arcund 30 percent of the material yield strenght.

Recent utility turbine research programs have
begun to develop comprehensive methods for chemical
monitoring of steam turbine plants., A useful de-
scription of appropiate tests and water/steam moni-
toring requirements is given in the above paper by
Jonas.

C. Corrosion Fatigue

Corrosion-assisted fatigue is probably the ma-
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jor source of steam turbine blade fatigue failures.
Corrosion fatigue may occur in a corrosive environ-
ment where high steady stresses are applied togeth-
er with high alternating stresses., Turbine Dblade
vibration tests by many investigators have shown
that even under conditions of nozzle resonance,
blade types which have been known to fail during
operation usually do not develop dynamic stresses
of sufficient magnitude for resonant fatigue alone
to appear as an obvious cause of the failure under
investigation. Such conditions suggest that some
other factor must be involved, and these failures
can frequently be explained where it can also be
shown that significant corrosive attack has occur-
ed along with fatigue conditions in the same oper-
aring enviroment. Laboratory test evidence has de-
monstrated that the material fatigue strength ( en-
durance limit) may be reduced in the order of sev-
enty percent by a sufficiently aggressive chemical
environment. On occassions, such chemical environ-

ments appear to have existed in, (a) certain ma-
rine turbine steam conditions, eg. from sodium hy-
droxide in the make~up water, (b) from inadequate
demineralizers in main utility stations, and (c)
from ground water infiltration into condensers in
precess steam turbines. Otherwise unexplainable
blade fatigue failures can be accounted for quite
readily where such circumstances can be shown to
have existed for a sustained period. Corrosive en-
viroments may accelerate both high-cycle fatigue
and low-cycle fatigue if the operating conditions
and chemical concentrating mechanism are right.

Corrosion fatigue in turbine blade steels has
been studied in depth in recent years, and certain
fracture mechanics data have been given, eg. by
Clark (2). Figure 4 shows the rate of crack growth
da/dN vs. stress intensity factor AKX for a 304
stainless steel in a three percent caustic environ-—
ment. Crack growth for the same steel in air is
also shown for comparison. It is seen that the dif-
ference in crack growth rates for the same AK val-
ue, ie. stress level, is approximately 3:1 for the
caustic enviromment, This is another way of stating
that the fatigue strength of the test components
under the corrosive attack shown in this instance
was only about one-third of the fatigue strength of
the same components in air,

An important initial source of corrosion fa-
tigue may occur on-site when rotors are left expos-
ed to the enviromment for long periods prior to
erection. Particularly damaging is the case where
the protective coating has been removed from a ro-
tor and blades, which are thensleft exposed to the
moist, outdoor environment near a river or even the
sea. The initial chloride pitting which may occur
in such circumstances may later provide nesting
sites for steam, etc, impurities in high-stress re-
gions which can accelerate the tendency toward
blade fatigue.

D. Erosion

Surface erosion can be a significant problem in
all stages of a turbine. Surface erosion from hard
particles (usually boiler exfoliation) can damage
the H.P. and I.P. stage blading, and wet steam ero-

sion can damage the leading edge of Lhe long
blades, usually from mid-height out to the cover.
Cover damage from wet steam erosion can also be
significant. Such erosion is cauged by high-veloci-
ty water particles striking the blade lead edge
over a period of time and eroding the material
away. Certain wet region blades have been designed
for many years with an erosion shield ( stellite
strip), which is bronze welded on to the blade lead
edge to protect against wet steam erosion.

Signs of early erosion may often be observed on
those blade leading edges which project noticeably
out into the oncoming steam, beyond the other
blades in the same row. This condition may occur
from minor misalignment on assembly, and this ero-
sion is of no special significance unless it con-
tinues and presents an evident major damage prob-
lem. Replacement of damaged erosion shields is a
straight-forward procedure which can now be under-
taken in the field, as well as in the manufactur-

rer's shop. Suitably-located LP moisture separators
can help to decrease the rate of blading erosion.

Fxfoliation of tube scale is another form of
erosion which occurs in boiler tubes, superheater
tubes, inlet steam pipes, and from condenser pipes.
The scale develops from oxidation and corrosive at—
tack from the feed water condensate and from steam
impurities. The scale is eroded away, and on pass—
ing the turbine, may damage the blading and may ac—
cumulate in the drains. Geothermal turbines are es—
pecially prone to scaling and exfoliation damage
because of the high corrosive and impurity content
of the inlet steam. Erosion products should be mon-
itored as part of the turbine system chemical moni-
toring program,

STRESS RELATED BLADE GROUP CRACKING THEORY

The following theoretical approach is general
and may be used to develop quantitative data for
specific cases of blade cracking which appear to
involve fatigue, corrosion fatigue, or stress cor=-
rosion cracking. It follows from the Prohl(3) meth-
od.

Consider a group of blades rotating in an axial
flow turbine, figure 6. The total stress at any lo—
cation is due to two sources, the steady mean
stress o and the dynamic or alternating stress oy
At any instant during operation, this total stress
is given by:

o, = +*
¢ = 9y to,coset .,

where w is the circular frequency of the alternat-
ing stress. The mean stress results from the com-
bined action of the centrifugal load due to turbine
rotation, and from the steady blade bending load
from the gas forces which drive the turbine.* These
mean stress components combine to give the nominal
steady extreme fiber stress, Opo 3t the blade (or
root) section:

* Additional forces from torsion, centrifugal un-
twist, etc. may also apply.
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%mo = %o ¥ Ty, = P/A + Mc/1

where P is the.centrifugal load at the section, A
is the section area, M is the local bending moment
due to the gas force, ¢ is the extreme fiber dis-
tance from the neutral axis, T is the appropiate
second moment of area of the blade section, and L
and o, are the nominal centrifugal and bending
stresses at the section (no stress concentration
effects). The mean stress remains constant for a
given blade arrangement at specified speed and pow-
er output. Corresponding expressions may be written
for steady stresses in the cover and tenons.

Alternating stresses in the blade may arise
from several causes, of which harmonic excitation
from the nozzle wakes is recognized as a potential-
ly significant contributor, The frequency of exci-

tation f from the nozzle wakes is given by

f =Nk = 2mw cycles/sec (Hz.)

where N is the rotor speed rev/ser and k is the
number of uniformly spaced nozzles ** around the
360-degree circumference. Alternating stresses from
nozzle excitation depend on several factors:

a. The magnitude of the gas exciting force or
harmonic stimulus, expressed as a stimulus factor
3.

b. The damping of the blade and its attachment
expressed as a logaritimic decrement §.

c¢. The resonant response factor K which is a
measure of the ability of the blade group to accept
energy input from the nozzle stimulus.

Blade harmonic stimulus is expressed as a pro-
portion of the steady gas bending force ¥ acting on
the blade, ie. § = AF/F, where AF is the amplitude
of the time-varying gas force acting on the blade.
In practice, values of § may range from below 0.05
in smooth-running stages to above 0.30 in rough
stages with off-oprimum conditions. See references
(4) and (3).

Damping in blade groups can arise from several
sources such as rubbing friction in the attachment
areas (root, cover), from material hysteresis and
from gasdynamic effects on longer blades. The mag—
nitude of blade group logarithmic damping value &
may vary substantially from one application to an-
other, but the general range is from about 0.002 to
0.030 for conventional AISI 403, 12 chrome steam
turbine blades, depending on blade geometry and the
mode of vibration involved. See references (6) and

7).

The resonant response factor K depends on the
excitation parameter E = (nk/m), where n dis the
harmonic number (n = 1, first order; n = 2 second
** k may also be considered as the number of har-
monic cycles around the circumference. This allows
per-rev nozzle excitations to be considered.

order, etc.), k is the number of nozzle inlets and
m is the number of blades. The variation of reso-
nant factor k represents conditions under which the
blade group will receive strong energy input from
the nozzle stimulus and the blade vibrations are
not readily excited in this condition,

As each turbine stage may contain many excita-
tion harmonics, and each harmonic may act on sever-
al blade group modes, the influence of the excita=-
tion parameter on each blade group response in the
frequency ranges of interest should be examined. A
convenient procedure for determining the excitation
harmonics and blade modes of interest was first
given by Campbell (8) in which the natural frequen-
cies of these modes are plotted as ordinates and
the rotor speed is plotted as abcissa, see fig-
ure , Radial lines from the origin corresponding
to once-per-rev (lx), twice-per-rev (2x), etc. noz-

zle passing frequency (Nk), twice-NPF ({2nk), etc,
are also plotted. Speed regions of intersection
between blade frequencies and excitation harmonics
are then noted, with particular reference to re-
gions of sustained operation, eg. operating speed
range. The Campbell diagram shown in figure 9, din-
dicates the possibility of blade resonance in the
axial-torsional mode with the twice NPF excita-
tion, and also excitation of the second-type tan-
gential mode by NPF. See case History Number ! for
details.

Resonant stresses are related to stimulus 5,
damping 6, and blade group dynamic response factor
K, by the expression:

I
'Jao—G—KSUbQ

where % is the nominal resonant alternating ex-
treme flger stress at the blade (or root) section,
and the oOpy is the nominal bending stress at the
section, defined previously. It is evident that the
practical combinations of blade damping, nozzle
stimulus, and dynamic response factor may lead to
resonant stresses Upo at certain blade cross sec—
tions which could approach or greatly exceed the
nominal mean bending stress opg at that section. It
should further be noted that in practice, the reso-
nant condition is often sharply defined. Sustained
operation at the resomant peak condition is there-
fore unlikely to occur for long periods, though
some lesser stress magnification should always be
expected for operation in this regiom.

To determine whether the stress conditions at a
given location could be responsible for blade
cracking during operation, it is necessary to com—
pare the local stresses with the appropiate
strength criterion for the blade material at that
section. To find whether the nominal stresses dago
and oy, are likely to initiate high-cycle fatigue
¢racking, a procedure due to Heywood (9), Rieger
and Nowak (10), which uses the Goodman diagram may
be used as follows. The fatigue envelope for un-
notched specimens is modified in a specified manner
to account for mean stress, local stress raisers,
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cycles to failure, and gize effect. The new (natch-
ed, etc,) fatigue envelope then becomes the crack
initiation criterion against which the nominal
stresses op, and 0, are compared, A point falling
outside this region can be expected to initiate a
crack in the number of cycles assumed in the calcu-
lation of the notched envelope, ie N = 10%, :,109. ;.
107, etc. For high-cycle fatigue, crack initiation
commonly represents the larger portion of the frac-
ture life, and the time to propagate the crack
(which is not considered in this approach) repre-
sents the remainder of the component life,

Where the initial defect size is known from
inspection, an alternate approach using fracture
mechaniscs procedures may be used to estimate the
number of load cycles required to propagate a crack
from the defect, and cause failure of the defective
component, Suitable materials data obtained from
tests on fracture mechanics specimens tested with a

similar enviromment and Joading, in accordance
with standard ASTM testing procedures, is required.

The rate of crack propagation da/dN is related to
material properties A, n, stress intensity range
AK, and applied stress ratio by the expression:

da _ AIAKI

dN (I-R)O'S

AK is the range of stress intensity factor= cAo\F:
R is the stress ratio, Kmin/Kmax or Umin/%umax

A,n are material properties

C is a geometric factor for the crack model in-
volved

A0 is the stress range, Op.y-Omin
a is the crack length

N  is the number of stress cycles

For a crack in a notch-free region,

g =0+
max mo oao

o . =g -0
min mo ao

do = 20
ao

R = cmin/omax

For a crack in a sharply-notched region,

a
= + 'K
Gmax K:GNO tUao
a
.= - K
Gmlﬂ K:amo toac
a
Ao = ZKtcao
= e k.
R Omln/ max

nax and ‘min are the maximum and minimm values of
the total stress at the .location: in question. A
typical relation between da/dN and AK for a 4340
steel in a three-percent caustic solution is shown
in figure 4. This chart does not include the effect
of mean stress ratio R, In most cases the stress
field in the body changes with distance into ‘the
body. This causes the stress at the crack tip to
change and so influences the rate of crack propaga-
tion, Calculations with each of the above factors
which must include the effect of variation are most
conveniently performed with a suitable fracture me-
chanics computer program, such as the CRACKS (11)
or BIGIF (12). The end result of such a calculation
is a value for a specific number of cycles to pro-
pagate the crack, either to failure when Kmax = Kig
(Eatigue) or Krsce ( corrosion fatigue), or until a
length is reached at which the crack stops propaga-
ting.

This fracture mechanics procedure is suitable
for failure analysis at any location in the blade
group with a crack of known (or assumed) propor=-
tions, and for any material for which suitable
fracture mechanics data is available for the blade
operating enviromment. Where such input data is
difficult to obtain or specify, the above procedure
may be used to provide a bounding - analysis suit-
able for determining the performance of a hypothe~-
tical crack under assumed minimum or maximum stress
and material conditions.

CASE HISTORIES OF BLADE FAILURES

Case 1. Nozzle Resonance Fatigue of HP Marine Tur-
bines, Ref. (13)

Both rotors were 55,000 SHP turbines operating
at 3500 rpm. The blading of both HP rotors sustain=-
ed damage. The complete blading of the 9th stage of
the starboard tirbine was missing and eight blades
were missing from stage 10. On the port rotor, sev-
en blades were missing from the 9th stage and there
was some cracking in stages 8 and 10. The cracks
occurred near the vane-platform junction where the
vane overhung the platform. In most instances the
cracks appeared to have propagated from beneath the
overhung trailing edge, horizontally into the wvane
airfoil section, figure 7(a). One blade only was
broken at mid-height, in the 8th stage of the port
turbine.

A comprehensive investigation was made of the
failure. Frequency calculations and vibration tests
were performed on the original blades, and on the
modified blades. Much evidence was found to show
that the failures were due to high-cycle fatigue
from vibrations in the second-type tangential (out=-
of-phase) mode, figure 8(a). The cracking pattern
correspondend to the calculated distribution of
modal amplitudes shown, both in magnitude and loca-
tion. The Campbell diagram figure 9, showed that
the 8th, 9th, and 10th stages could resonate at
propeller shaft speeds between 90 rpm and 174 rpm.
The ship operating log, fig. 10,.showed 2610 min-
utes of operation at 148 rpm. In this condition,
the 9th stage could resonate in its second tangen-
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tial mode.

The overhang stress raiser was eliminated by
smoothing the vane into the platform in the re-
placement blades, figure 7(b). Tie-wires were added
by brazing to eliminate the second tangential mode
from the range of nozzle resonance, fig. 8(b). Dia-
phragm changes (decreased number of nozzles) were
also considered, but were not used because such
cnanges were shown to be effective in removing the
8th stage alone from resonance. Also, larger nozzle

passages frequently lead to higuer exciting forces.

Case 2, Nozzle Resonance in 9th Stage of Process
Steam Turbine, '

A rash of shroud and vane cracking dincideats
had occurred in several process turbine drive
units, Generally the shroud of a six-blade group
had cracked, and also several vane sections near
the platform in the 8th stage of the drive turbine
units had cracked. The blade surface adjacent to
the failure site was pitted, and white, solid de-
posits of unknown type were attached to the blade
surface. A diaphagm change from 34-inlet nozzles to
46-inlet nozzles had increased the blade life some-—
what (6 weeks to 40 weeks), but had not eliminated
the problem.

Analysis showed that the second in-phase tan-
gential mode of the blade group coincided with NPF
at full operating speed with the 34— nozzle diaph-
ragm. Further, the Campbell diagram, figure 11,
showed that although a change from 34-nozzle open-
ings would cease to excite the second in-phase tan-
gential group mode with the second HPF harmonic
(2x34), the (1x46) NPF harmonic would then excite
several second-type tangential (out-of-phase) mod-
es.

The fix proposed im this instance was a blade
profile redesign which removed the blade groups
from the troublesome resonance harmonics within the
operating speed range identified above, without in-
troducing other resonance problems. The blades were
also detuned as shown in fig. 12, so that E would
be 0.183 and the corresponding response factor K
would become zero. In the original design, E was
0.352 and the resonant response factor K had been
0.275. The new blades were therefore less respon-—
sive to nozzle stimulus.

Further factors requiring attention were the
chemical content of the steam and the Jlocation of
the Wilson point in the turbine. Suitable deminer-
alizers should have been prescribed and thoroughly
maintained in view of the corrosion-fatigue situa-
tion which existed. If the Wilson point corr 'sponds
to the 9th stage, care should be taken to shield
the attachment areas in some manner. The chemical
functioning of the turbine steam system should have
been monitored following the reinstallation to en-
sure that solids and impurities were within accept-
able limits. See Jonas (1).

An apparent alternate fix would have been to
detune the blades using a bronze welded tie-wire,
as was done in Case 1. This would suppress the out-

of-phase tangential modes, and the 46-nozzle diaph-
ragm would not excite the second in-phase tangen—
tial mode, as noted. This was not done as the blade
required redesign to remove the vane overhang.

Case 3. Stress Corrosion in a 5th Stage 20utW
Utility Turbine.

Catastrophic rupture occurred in the blade root
section of thirteen 5th stage axial entry blades
after 11 months of on-line operation, with consid-
erable consequential damage to flow guides and to
blades in adjacent stages. The failed row contained
324 moving blades, each about six inches average
vane height, arranged in groups of five and six
blades. Blade material was 403 stainless steel with
UTS 105 KSI, and yield stress 85 KSI, approximate-
ly. The adjacent inlet nozzle row had 240 nozzles.
Extensive white-colored chemical deposits with av-
erage ph value of 11, coated the general region
(nozzles, moving rows), near the failed stage, fig—
ure 13. Pitting in the remaining blades of the row
ranged from slight to severe. 325 additiomal cracks
were found (173 blade, 152 disk steeples), of vary-—
ing sizes, mainly in the contact hook regions of
the blade attachments. The location of the row
coincided with the location of the Wilson point
(dry/wet) of the rotor at full power.

Metallographic examination showed intergranular
cracking and some branched intergranular cracking
inward from the highly stressed bhlade root notch
surface, figure l4. Scanning electron microscope
studies showed pitting in the viecinity of the pri-
mary fractures and secondary intergranular frac-
tures linking the corrosion pits. The fracture sur—
faces were relatively clean, indicating that little
rubbing or polishing had taken place since clevage
occurred. This suggests that no sighificant fatigue
or dynamic stress mechanism was involved. The high—
ph, white coating were composed *of NaOH, and
Na,C03. This indicates that the initial cracking
had been assisted by corrosion in the highly
stressed hook region of the blade root, Further-
more, The original material away from the corrosion
gites still had the strength and impact properties
required in the original material specifications. A
typical SEM photograph of the fracture surface is
shown in figure 15.

Further investigation revealed that the boiler
feedwater chemistry during operation had contained
dissolved solids, iron, and sodium (77 ppb compar-
ed with 30 ppb specified), in excess of prescribed
limits, despite the use of feedwater demineral-
izers. Stress corrosion of the blade root material
under high stress conditions was the primary cause
of this blade failure, based on (a) high sodium
and other salt deposits, (b) wet/dry Wilson point
at failure locationm, (c) widespread cracking in the
vicinity of the high stress locations, (d) general
pitting of adjacent surfaces, (e) absence of plas-
tic flow and beach marks on the failure surface,
(f) corrosion products seen in many SEM scans, and
(g) corrosion fractography observed in sectioned
failure regions. The principle remedy was improved
steam quality and boiler feedwater chemistry by im-—
proved demineralizer control and monitoring.
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Case 4. Fatigue Failure of 4th Stage Marine LP

Turbine Impulse Blades.

4 single side-entry 4th stage blade failed cat—
astrophically in the root section at the first hook
after 13 months of service at sea. On inspection it
was found that 11 additional 4th stage blades were
also cracked in the same region, and that all
cracked blades were end blades of seven-blade
groups. In addition, a total of eight disk root
sections were found to be cracked in the same
stage. These failures were found by magnetic parti-
cle inspection. Hardness and chemistry checks of
‘the blade and disk root sections were also made,
Hardness was found to be in the RC 20-21 average,
as required. Macro-etched sections of the cracked
root were carefully inspected at 20x magnification,

The failure mechanism was found to be fatigue.
This was indicated by the progressive beach-mark
crack progression along several regions of the
failed surface. The multiple crack origins indicate
a wide distribution of the dinitial crack-driving
stregs mechanism along the root hook notch. Ne ox-
ides or corrosive deposits were observed on the
fracture surface, Microexamination showed that the
root cracks were relatively straight and intergran-
ular without branching. This further suggests that
pure fatigue was the cause of failure, though no
electron microscope studies were made on this occa-
sion.

Several possible causes of these fatigue fail-
ures were identified. First, the tangential out-of-
phase group modes were found to lie close to nozzle
resonance, due to an inaccurate design estimate of
blade root stiffness. Second, the root fillet radi-
us of 0.031 incles was gquite small, and this gave
rise to high fillet stresses. Third, variations in
nozzle geometry from stage arrangement around the
nozzle row were found to give 4:1 variations in the
magnitude of nozzle stimulus., This raises the addi-
tional possibility of per-rev stimulus from this
nozzle geometry variationm, but this possibly was
not considered further. Fourth, a small amount of
stress corrosion may have occurred judging from mi-
nor discoloration observed on the crack surface,
Fifth, a further source og significant excitation
was thought to have occurred from four condensate
extraction ports located around the circumference,
adjacent to the 4th stage moving blade row.

Design modifications were made as follows: (1)
Long-arc shrouding was introduced to suppress the
troublesome resonant group modes. (2) The notch
fillét radio were increased to 0.060 inches to re-
duce the fillet stresses. (3) The inlet nozzle geo-
metry was made uniform around the diaphragm and the
mumber of inlet nozzles was increased from 92 to
120. (4) A flow-smoothing baffle was inserted to
remove the flow disturbances created by the four
extraction openings. No further failures have oc-
curred since the introduction of these modifica~
tions.

CONCLUSTIONS

1. Turbine blade problems may occur due to
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causes of design, manufacure, materials proper=~
ties, steam/gas quality (erosion), steam/gas chem-
istry (corrosien, exfoliation), and abusive opera-
tion (water extraction, condenser flooding). Design
practices, operating practices, and turbine plant
specifications should address each of these poten-
tial problem areas.

2, The primary diagnostic tools for analysis of
turbine blade failure causes are:

(a) Electron microscope to investigate failure
mechanism and identify the role of corrosion in the
failure.

(b) Surface microscopy and section microscopy
for defining the cracking mechanism, and for basic
material quality assessment.

(c) Water/steam chemistry records to determine
role of corrosion.

(d) Blade group, disk natural frequencies, mod-
es and static/dynamic stress calculations, to de-
termine role of operating stresses.

(e) Fracture mechanics testing of failed compo-
nent material to determine quality of material sup-
pplied, corrosion resistance, and crack propagation
characteristics in operating environment.

3. The failure surface and fracture sections
should always be examined microscopically when the
causes of a failure are being sought. Examination
by Scanning Electron Microscope is a valuable addi-
tional aid for determining whether the failure is
associated with corrosion, corrosion fatigue, or
fatigue alone.

4. Each stage of blading should be checked as
to whether nozzle resonance and per-rev resonance
may occur during operation. A Campbell diagram
should be developed containing the first six modes
of the blade group for each stage. The calculated
modes and frequencies should be checked by vibra-
tion tests performed in the manufacturer's shop, on
several blade groups around the circumference  of
each stage.

5. High-cycle fatigue is usually velated to
some resonant operating condition. HCF may be iden-
tified by the presence of polishing, beach marks,
crack propagation increments under SEM, and final
static rupture on the failure surface. Iultiple
staining lines indicate the ocecurrence of intermit-
tent crack propagation from short periods of high
dynamic stresses.

6. Corrosion fatigue may be induced by concen-
tration of steam impurities acting on high-stress
regions in the presence of dynamic stresses. The
source of such corrodants may be in the steam it-
self, in the steam chemistry control apparatus, in
the steam chemistry specifications, or in the orig-
inal turbine erection environment.

7. Erosion of turbine blades and stage inlet
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guides may occur from boiler and tube exfoliation,
and from wet steam impact. Such erosion may lead

to performance degredation, and to degredation and
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TABLE 1:

Possible Causes of Turbine Blade Failures

Failure ;
: Source
Mechanism Location
Fatigue Unsymmetrical stage flow General
Nozzle resonance
Partial admission
Torsional transients
Negative sequence currents
Excessive condenser pressure
Corrosion Excessive corrosion agents General
in steam/feedwater,
Concentration mechanism Wilson Tine
Corrosion Corrosion plus vibration General
Fatigque source
Erosion Wet steam LP stages
Erosion shield,
cover,
Downstream of
Wilson Tine.
Ash Deposit Combustion residue Blade lead edge
Scaling in gas stream
Boiler, pipewall HP stages
exfoliation
Water roistur2 separators Adjacent LP
Ingestion Condenser stages
TABLE 2: Industry Experience-Stress Corrosion & Corrosion Fatigue, Jonas [1].
Part Maintial Y.E., KSI Environment
Pipe expansion joints Inconel 600 35 Melled caustic,
304 §S 30 6110 710°C
HP turbine bolts Ae 26 — Hhgh sodium in
Pyrome! 860 — deposils
Steel — —
Incoloy — NaOH-NaCl in deposils
LP stationary blades Welded 304 S Na.K.Clidentilied in cracks
LP stationary blades 304 30 Causlic & chlorides
P rotating blades Re 26 — Causlic in steam and dogosits
LP rotor 1Cr 1Mo YoV a7 Caustic carry-over, 140°F, 3 psi at saluration
Wheel dovelails in boiler  NiCrMoV 97 Caustic in deposits
leed pump turbines
Shrunk on wheeis 1Cr %Mo 123 Coustic wash
Shrunk on discs 3Cr Mo 17 Up to 215 ppm of sodium hydroxide in borlers
Simall lwbine rolor discs CrMoV 126,133 Causlic and chloride in deposils
HP innoe cylinder Horiz. — - —
Joints
HP rolor dovetails CeMoV — Hycrogen sulfide (229 ppb in condensale) rom sodium
LP rotoe NiMoV — sullite ireatment
HP discs NIiCrMa 17 Caustic from deminerabzer in depasi
HP blade pins Re 26 — High caustic i leedwater, steam & deposils source: demmcralizers
HP seal springs Inconel 718 —
HP bolts AISI €130 —
LP discs NiCrMoV —
HP infer cylinder CrivioV = MNaOH, NaCl in deposits
Horzontal jonls Source: demineralizers
Two LP discs (ESCOM) 2% NiCtMoV 114 =
Four LP discs (SECV) 2% NiCrhoV 1a
Two LP discs NiCrMoV 130 Causlic suspected'
Last minus one rotating 12 Cr 17-4P4 — Chiprdes & sullales in deposiis
tlades (fossil lurbine)
Single cylinder of 4 small  Cast iron —_ High oxygen and sulphunt acid lrom hydrolyzed Ha 50, plus
uring oxygeda
LP blades 12Cr —_
First row LP 12Cr — Mixiuie of peganc acis ang acelic acid
LP tiscs and blagde Low alloy steel —
fasieaings

LP blaoes and shrouds
(magaox reactor unil)

Staintess steel

Last row LP rotating blades 12 Cr hardenad

Stavonary blades

Organic acids cehc. propiome, bulync) lrom surlazn cooling winter
GMNC TOMPTUNGS {hurac acids)

Inorganic acids n steam. lerrnus chioride and sutfute in deposits

Hyacochlonic acud in stcam (seawvaler coohng & powdea)
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FIGURE 4. CRACK GROWTH DATA FOR 304 STEEL [N AIR
AND 3 PERCENT NAOH SOLUTION (BARSOM,NOVAK,REF 20 )

FIGURE 2. ELECTRON MICROGRAPH SHOWING FATIGUE

STRIATIONS IN 4340 STEEL (BEACHAM,PELLOUX,REF.20).

FIGURE 5. MEDIUM-PRESSURE BLADE PROFILES IN
AXTAL-FLOW TURBINE STAGE,

mn e

Second Tangential Second Axial-torsional
:D
Tang. Group (typ.) First Axial-torsional

0 R . X "F!IFIE!?
FIGURE 3. CORROSION PITS ON RODT HOOK NEAR I R
FRACTURE INITIATION SITE. i ;

First Axial
First Tangential
FIGURE 6. MODE SHAPES OF TURBINE BLADES IN GROUPS.
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FIGURE 9. CAMPBELL DIAGRAM FOR FATIGUED MARINE
TURBINE BLADE (FLEETING,COATS,REF.13).

FIG. 17(a): CAMPBELL DIAGRAM FOR FAILED BLADES
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FIG. 11(b): CAMPBELL DIAGRAM FOR REPLACEMEMT BLADES
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FIG. 12: RESONANT RESPONSE FACTOR REDESIGN

FIGURE 13. BLADE VANE SECTIONS SHOWING
WHITE CHEMICAL COATINGS.

FIGURE 14. CRACK ORIGIN AND PROPAGATION FROM
STRESS RAISER INTO COMPONENT.

FIGURE 15, ELECTRON MICROGRAPH SHOWING NAOH
NODULES ON SURFACE OF CRACK.
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FIGURE 16. MULTIPLE ORIGIN CRACKING.
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FIGURE 17. CRACK PATH. STRAIGHT, INTERGRANULAR.
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FIGURE 19. CAMPBELL DIAGRAM, 4TH STAGE, 96
NOZZLE DIAPHRAGM. FAILED ROW.

(a) EIGHT-PER-REV HARMONIC EXCITATION
AROUND NOZZLE CIRCUMFERENCE,

(b) LONG-ARC SHROUDS EACH SPANNING ONE
EXCITATION WAVE AT ALL POSITIONS.

FIGURE 18. PRINCIPLE OF LONG-ARC SHROUD,
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