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A VIBRATING REED TECHNIQUE FOR "HE OF CORROSION FATIGUE I N GEOTHERMAL STEAM
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ABSTRACT

p r i n c i p l e s and opera t ion of a method to
s tudy c o r r o s i o n f a t i g u e behaviour i n geothermal

steam is descr ibed. The system u t i l i s e s
sepa ra ted steam a t 1 0 bar p ressu re to e x c i t e

resonan t v i b r a t i o n i n a reed specimen of test
material. The high frequency and precise stress
ampli tude c o n t r o l p rov ides f o r f a t i g u e endurance
d a t a to be accumulated more r a p i d l y and w i t h a
h igher  degree  of r e l i a b i l i t y than w a s p o s s i b l e
us ing t h e convent ional r o t a t i n g bending
technique. The s e n s i t i v i t y of t h e resonan t
frequency to t h e o n s e t of meta l lu rg ica l changes

w i t h i n t h e specimen has enabled crack i n i t i a t i o n
to be i d e n t i f i e d and crack propagation v e l o c i t y
to be der ived. The use of t h e f a c i l i t y to
te rmina te f a t i g u e tests i n t h e e a r l y s t a g e s of
c rack development has made it p o s s i b l e to s tudy
i n c i p i e n t f r a c t u r e s u r f a c e s by high r e s o l u t i o n
e l e c t r o n microscopy.

The f r e e v i b r a t i o n of t h e system lends itself

to ampli tude decay methods of c a p a c i t y

measurement. The engineer ing and m e t a l l u r g i c a l
s i g n i f i c a n c e of these d a t a is discussed w i t h
p a r t i c u l a r re fe rence t o t h e mechanism respons ib le
f o r c o r r o s i o n f a t i g u e crack i n i t i a t i o n .

INTRODUCTION

A major l i m i t a t i o n on performance of 
steam t u r b i n e s is imposed by t h e p o t e n t i a l f o r
b lade f a i l u r e s to occur due t o high c y c l e
f a t i g u e . Th i s c o n s t r a i n t on tu rb ine is
f u r t h e r compounded i n geothermal a p p l i c a t i o n s by
t h e aggress ive  na tu re  of t h e steam which promotes
a more high ly  acce le ra ted  f a i l u r e mode, that of
c o r r o s i o n  f a t i g u e .  

The process causing f a t i g u e f a i l u r e is one
of h igh ly l o c a l i z e d s l ip wi th in t h e m e t a l
s t r u c t u r e that occurs  incremental ly  wi th each
load cyc le . The damage over m i l l i o n s
of c y c l e s r e s u l t s i n t h e formation of a s u r f a c e
microcrack which even tua l ly l e a d s to component
f a i l u r e .
s i q n i f i c a n t l y depresses t h e stress requ i red to
induce t h i s process and once i n opera t ion acts
to a c c e l e r a t e t h e progress of  c rack  growth u n t i l
f i n a l f r a c t u r e . us ing a convent ional r o t a t i n g
bending test method, t h e f a t i g u e endurance l i m i t

The presence of a c o r r o s i v e  a g e n t  

of 12%chromium s t a i n l e s s steel t u r b i n e b lade

a l l o y s have been found to be 50% below
t h e endurance va lue determined i n a i r . This l o s s

i n s t r e n g t h has been observed even over s h o r t

periods of exposure to the steam and has occurred
without any obvious s u r f a c e cor ros ion
taken place. Observations of t h e f r a c t u r e
s u r f a c e generated under t h e s e cond i t ions has
r evea led  c rack  propagat ion behaviour r a d i c a l l y
a l t e r e d from that produced by t h e  f a t i g u e  process
i n air .

Thus t h e combination of c y c l i c loading and
geothermal steam produces f a i l u r e along pre fe r red
p a t h s w i t h i n t h e mic ros t ruc tu re of t h e s t a i n l e s s
b lad ing a l l o y s .
a t t a c k and t h e e x t e n t to which t h i s i s influenced
by t h e mic ros t ruc tu re and range of s t r e n g t h l e v e l s ,
o b t a i n a b l e i n t h e s e a l l o y s became a matter of some
i n t e r e s t . The s o l u t i o n to t h i s and o t h e r ques-
t i o n s posed by geothermal cor ros ion f a t i g u e
behaviour requ i red more than j u s t t h e ' s u r v i v a l '
or ' f a i l u r e ' r e s u l t de r ived f r o m t h e convent ional

t e s t i n g m e t h o d .
t h e r e f o r e developed to its presen t level i n orde r

to prov ide t h e f l e x i b i l i t y demanded by the
exper imental series.

The reason for such s e l e c t i v e

The v i b r a t i n g reed system was

The basic p r i n c i p l e of the v i b r a t i n g reed is
n o t  e n t i r e l y  new, va r ious forms of pneumatic
e x c i t a t i o n have been used on occasions to study
frequency e f f e c t s , p a r t i c u l a r l y i n t h e a v i a t i o n
i n d u s t r y . The a p p l i c a t i o n of t h e technique t o
geothermal steam, however, r e s u l t s i n a self
contained system i n t h e steam provides bo th
t h e source and t h e environment f o r

s tudy.
w i l l provide more rapid, reliable r e s u l t s on a
number of d i f f e r e n t aspects of t h e f a t i g u e

process.
and microprocessor based monitoring f a c i l i t i e s
has r e s u l t e d i n a degree of flexi-
b i l i t y i n the f i e l d ob ta inab le i n complex
and expensive labora to ry based

The high speed and p r e c i s i o n of c o n t r o l

The a v a i l a b i l i t y of modern t ransducer s

OPERATING PRINCIPLES

The basic components for t h e system
are a s teady steam supply with f i n e
f l o w c o n t r o l , an amplitude measurement system and
a specimen v i b r a t i o n chamber. Figure shows a

schematic layou t  o f  t h e equipment that has been

t
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Measurement Fatigue
Chamber Chamber

Fig. 1 Schematic Layout of the Reed System.

Fig. 2 Testing Chamber and 3-way valve layout.



i n s t a l l e d a t t h e Bore 22 si te i n
f i e l d . A t w o phase f l o w is taken from

and passed through a surge tank and
separa to r . The r e s u l t i n g steam is
through a pneumat ical ly con t ro l l ed
r e g u l a t i n g va lve which mainta ins a cont inuous
10 bar p r e s s u r e i n t h e manifold to wi th in 5 .02

bar. I n o r d e r t h a t  t h i s  s t a b i l i t y be maintained
d u r i n g specimen changes, a cons tan t steam demand
on t h e manifold is es tab l i shed . This i s
achieved by a 3-way va lve which d i r e c t s steam
e i t h e r t o t h e tes t chamber or t o exhaust throuqh
a matching orifice. I n t h i s way a test can b e
terminated by automat ic a c t u a t i o n t h i s valve

t h u s prese rv ing t h e specimen from f u r t h e r

exposure o r damage.
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The reed specimen i s loca ted i n a v i c e clamp
pos i t ioned on t h e c e n t r e l i n e of t h e steam nozzle.
The impingement of t h e steam f l o w on t h e end of
the specimen induces v i b r a t i o n a t a resonan t
frequency c h a r a c t e r i s t i c of its s i ze and geometry.
A t y p i c a l f requency of 320 is generated by t h e
dimensions 50 mm l e n g t h x 1 5 wide x 0.6

t h i c k t h a t have been s e l e c t e d for t h e c u r r e n t
t e s t i n g programme.

-

-

-

The major c o n t r o l l e d  v a r i a b l e  i n f a t i g u e
t e s t i n g is t h a t of c y c l i c stress. I n t h e reed

system t h i s is c o n t r o l l e d by t h e f i n e adjustment
va lve upstream of t h e nozzle and is measured from
t h e t i p of t h e specimen by a t r a v e l l i n g micro-
scope us ing f i b r e optic i l lumina t ion . This test
system i s d u p l i c a t e d i n four v i b r a t i o n chambers
mounted i n  l i n e  a g a i n s t t h e microscope table
as shown i n F igure 2. The t i p amplitude measure-
ments taken dur ing t h e  s e t t i n g  up of a test are
used t o set real va lues of specimen displacement
a g a i n s t  t h e  o u t p u t of t h e magnetic i n d u c t i v e
t ransducer , v i s i b l e i n Figure 3 . The test
ampli tude is t h e n  s e l e c t e d  i n t h e form of a
t ransducer  ou tpu t  vo l t age  which is then recorded
and monitored, a long wi th values of manifold 

p r e s s u r e , throughout t h e dura t ion of t h e test.

SPECIMEN PREPARATION

Tes t ing material i n t h e form of reed
specimens has marked advantages from t h e prepara-
t i o n aspect i n t h a t l a r g e numbers of i d e n t i c a l
specimens can be manufactured a t l o w cost and i n
the wide range of m e t a l l u r g i c a l cond i t ions
demanded by t h e experiment. The r e e d s are made
from s t r ip material c u t  i n t o  r ec tangu la r  b lanks  
and clamped t o g e t h e r i n t o s tacks  con ta in ing  about
50 specimens. I n t h i s ‘block’ form t h e material
is h e a t  t r e a t e d ,  quenched and tempered to provide
t h e mic ros t ruc tu re and properties s e l e c t e d f o r
s tudy. The block is then reduced to t h e d e s i r e d
dimensions and p r o f i l e d by sur face  g r ind ing .  

I n d i v i d u a l specimens are then separa ted from t h e
s t a c k and f i n i s h e d by hand gr ind ing and po l i sh ing .

CALIBRATION AND TESTING

I n orde r to c a r r y  o u t  f a t i g u e  tests, t h e
r e l a t i o n s h i p between amplitude and maximum stress
must b e determined f o r each mate r i a l . This i s
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Fig. 3 Reed Specimen Vibra t ing a t 320

achieved by c a l i b r a t i n g a s i n g l e specimen under
s ta t i c and pneumat ical ly e x c i t e d dynamic cond i t ions

us ing  min ia tu re  s t r a i n gauges. These are a t t ached
a t t h e base of t h e specimen and measurements
t o be taken to relate va lues of stress and s t r a i n
over t h e working range of t h e t i p amplitude.

The endurance of each specimen i s t e s t e d a t a
s e l e c t e d stress, t h e r e s u l t of which c o n t r i b u t e s
t o t h e d a t a represen ted i n t h e form of a plot of
stress v s number of c y c l e s t o f a i l u r e c u r v e ) .

320

CYCLES N

Fig . 4 S/N Representa t ion of Corrosion

Fat igue Data.
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cons tan t with-

x 1000 mag.
Fig. 5 Predominantly in te rgranula r f r a c t u r

stress, 366 endurance, 8.4 x 10 cycles .

Fig. 7 x 1500 mag.
Oblique metallographic sec t ion through C.F.

f r a c t u r e , showing t w o phase s t r u c t u r e of f e r r i t e
and martensi te .
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RESULTS

The fa t igue endurance d a t a of a 14%
chromium a l l o y derived from t h e t r i a l s of the

system a t Broadlands a r e shown i n Figure 4. The
S/N curve representat ion of t h i s information
charac te r i ses  the  corrosion f a t i g u e behaviour of

t h e  a l l o y  i n t h i s environment.
t h e stress below which t h e mater ia l can be
predicted t o survive cyc les can be i d e n t i f i e d
a t 290 and is designated the Fat igue
Endurance L i m i t The r e s u l t s of
corrosion f a t i g u e tests a r e compared on the
basis of t h i s value and on the extrapolat ion of
the l i n e gradient t o higher cycle values.

From t h i s curve

x 1000 mag.
Fig. 6 Transi t ion of corrosion fa t igue crack

(bottom t o b r i t t l e f r a c t u r e ( top

x 1500 mag.
8 Evidence of g r a i n boundary decohesion i n

advance of C.F. crack.



The f r a c t u r e surfaces generated during these
tests are shown i n Figures 5 to 8.

of the corrosion f a t i g u e crack f r o n t and its
sudden t r a n s i t i o n to b r i t t l e f r a c t u r e by
cleavage can be seen i n Figure 6.

of the s e l e c t i v e nature of crack propagation i n
geothermal steam is shown by the predominantly
in te rgranula r f r a c t u r e surface. The influence
of microstructure i n t h i s process may be

by taking an oblique metallographic 
sec t ion through this area as shown i n Figures
7 and 8 . This reveals that i n t h i s two phase
a l loy , crack propagation i n t h e proximity of
t h e f e r r i t e phase r e s t r i c t e d t o the
g r a i n boundary whereas t h e boundaries of the

martensi te phase ( l i g h t ) are not a s suscept ible .
An i n t e r e s t i n g f e a t u r e of Figure 8 is the

ind ica t ion t h a t the decohesion of gra in
boundaries occurs i n advance of the propagating
corrosion f a t i g u e crack. Resul ts of t h i s type
tend t o suggest a f a i l u r e mechanism based on the
embrittlement of s p e c i f i c pa ths due t o the a c t i o n

of d i f f u s i n g gaseous species.
on t h i s behaviour and the e f f e c t of a l t e r i n g
steam composition may be revealed by the develop-
ment of a s p e c i f i c aspect of the reed vibra t ion
s tud ies , t h a t of res idua l damping capaci ty
measurement.

The l i m i t

Evidence

More information

POTENTIAL DEVELOPMENT

Damping capaci ty is a physical property
t h a t requi res  ca re fu l  considerat ion i n the
s e l e c t i o n of a s u i t a b l e turb ine blade al loy.  
The value of damping capaci ty, expressed by the
log decrement describes t h e degree of 
energy absorpt ion of t h e mater ia l during
vibra t ion .
reed system from the amplitude decay p r o f i l e
r e s u l t i n g from sudden removal of exci tat ion.
This f a c i l i t y w i l l be used t o provide damping
d a t a  f o r  engineering purposes on a range of a l l o y s
and meta l lu rg ica l conditions.

This property can b e measured i n t h e

It has been noted by severa l workers that

t h e onse t  o f  t h e ear ly of t h e metal
f a t i g u e process can be detected by changes i n
damping capaci ty .
stress a t which began t o increase with the 
number of load cycles . This stress, designated

t h e Cyclical S t r e s s S e n s i t i v i t y Limit
w a s more accurate1 located for 12% s t a i n l e s s

steels by by suppressing the magneto-
s t r i c t i v e damping component. 
producing t h e f i e l d required t o perform
such measurements i n the reed system is shown i n
Figure The specimen i s placed i n magnetic
s a t u r a t i o n by means of a water cooled solenoid,
energised by a 100 A p e r supply. Vibration
amplitude i n t h i s set up is measured by a
capaci tance type pick up s ince it is unaffected
by t h e presence of the magnetic f i e l d . The out-
put of t h i s device is fed through an amplif ier to
a da ta processor where measurement and
c a l c u l a t i o n s on t h e free decay p r o f i l e a r e  c a r r i e d  
out .

i d e n t i f i e d a minimum

The means of
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OBJECTIVES OF RESIDUAL DAMPING

The very l o w res idua l damping l e v e l s  t h a t  
are measured under condit ions of magnetic
sa tura t ion are an accurate i n d i c a t o r of the
of damage being sustained by t h e c r y s t a l

s t r u c t u r e during stress cycl ing. I f a cons i s ten t

re la t ionsh ip can be determined between t h e stress
producing recognisable changes i n res idua l
damping, ( t h e and t h e f a t i g u e l i m i t ,
then a means of pred ic t ing corrosion f a t i g u e
behaviour would have been produced.
to monitor these changes i n a s i n g l e specimen
would enable d i r e c t measurements to be made on the
reac t ion of a material t o adjustments i n steam
chemistry. The development of a successful
system of t h i s type would have important
implicat ions both i n the speed of acquis i t ion of
da ta and i n the way t h a t t h e  s u b j e c t  of corrosion
f a t i g u e is researched.

The a b i l i t y
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