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Macro and Micromorphology of in Service Cracking
and Fracture of Turbine Blades

Makro in mikromorfologija razpok in zlomov nastalih med
obratovanjem turbinskih lopatic

F. Vodopivec®, B. Ule, L. Vehovar, J. Zvokelj, Institute of Metals and technologies,
Ljubljana, Slovenia

V. Verbi¢, TNT, Obrenovac, Serbia

After the break down cracked and fractured blades were extracted from the turbine and
the macro and micromorphology of cracks and fractures surface were investigated.
Three modes of propagation were identified: stable propagation by HISC, stable
propagation by HISC and fatigue and instable brittle and ductile propagation. The
micromorphological characteristics of the different modes of propagation are explained
Key words: Turbine blades, steel, cracking, fracture, corrosion, fatigue, microstructure

Po zlomu so bile pocene in zlomljene lopatice vzete iz turbine in bila je raziskana makro
in mikromorfologija razpok in zlomov. Identificirani so trije mehanizmi Sirjenja: stabilno
sirjenje zaradi HISC, stabilno sirjenje zaradi HISC in utrujenosti ter nestabilno krhko in
duktilno Sirjenje. Opisane so mikromorfoloske znacilnosti posameznih nacinov Sirjenja.
Kljucne besede: Jeklo, turbinske lopatice, razpokanje, zlom, korozija, utrujenost,
mikrostruktura.

1. Experimental work surface showing near the mital point no fatigue striations but
The experimental work consisted of! with such striations on the remaining area of the crack (fig, 2
examination of microstructure: and 6).

surtace of cracks without fatigue striations (fig. 3). and

analysis of impurities on cracks surfaces, and ! ; o
surface with fatigue striations from the starting point of cracks

macro and micro examination on the cracks and fractures
surface propagation,
The data on the composition of the steels and mechanical
properties will be reported later and will be considered in this pa-
per only when necessary to explain better the findings relative to
the microstructure and the aspect of the cracks and fractures sur
face
The composition of all examined blades corresponded to that

required tor the martensitic stamnless steel X21CrMoV 121 and
also the mechanical properties sufficed the requirement of the
buver of the turbine. It should be noted that a very low notch
toughness of 15 J was required. Four different cases of cracking
and fractuning of the blades were wdentificd on the basis of visu
al examination:- one case of cracking on the rounded trailing
edge in the passage between the root and the blade;

some cases of cracking in the first root grove mostly at a dis

tance up 10 50 mm from thas edge (fig. 1, 2 and 3). and

fracture of precracked blade i the turbine in the first roo

grove with an imtal crack (fig. 4) or without such crack

(fig. 5)

Figure 1: Crack on the trailing edge i the first rool grove ol blude 436.

Slika 1: Razpoka na izhodnem robu v prvem korenskem Zlebu
On some in service cracked blades the crack surface was lopatice 436
opened for examination by bending in laboratory, generally af-
ter cooling 1 liquid nitrogen.
On the base of the macromorphology of the crack surface 2 &
"l 7 2. Micromorphology of cracks and fractures
three tvpes of in service crack propagation were identified:
Several form ol propagation were observed on specimens cut
oy | m VO X
ML bt Leps pes il from ditferent parts of the fracture of blades and on laboratory
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Figure 6: Surface of the crack on

Slika 6: Povesina razpoke na lopatsct ma !

’/{
| | i
! Lo | .
Cie Pa Qliv 0 “ 1eS A nd without fatie
Figure 2: Surface of o crack swith arcas with and without fabgu initial point. stable propagation and brutal (instant) 1

stohons

specimens. In order to make the matter easier 1o
v for different are

wire micromorphology is described separat

laboratory specimens and in the turbing

Shika 2: Povesmi razpoke 2 dels 2 i brez utrugenostmh brazd
I

Y J 111l y [ f
[ inad pomt of ceacking and stabis i

Generally. the surface of cracks near the inital po
covered with corrosion products and also atter & very carctul
cleaning 1t was rarely possible to find at SEM observation reli
able details. which would characterize the mechanism ot it

. .- y
tion, An exception was the specimen i fig. 7, where several

crack mitids with a pertectly clean surtace

||"n1'.h;]'|lllll'_' with a size of appr. 1) 35S mm the fracture s W
s brotle trans and mtereranular (g, 8) without Bstigue stoations

Fhe mucromorphology of the transgranular surface is teatherlike
and similar 1o that reported frequently tor high strength

ICTCAN ont

with a martensttiic microstructure and with an mnc
of hydrogen. This suggests that in presence of the piting the m

rne of 1l

cleation of the erack was mmduced by the overchary

|£'l'!\‘.'.\u\|ll\|Iull\llllI“'III!II!“IHI“II 'IIH‘HI“HH[‘” ’“”’ with hydrogen produced by the corrosion process il ;t tip of the

pitting. A similar detail of micromorphology of fracture surl

Figure 3: Surfuce of o crack without Batigue striati

near the nucleation pomt was observed also on the blade 43

M . . | AN " v . '] } \

Shika 3: Povisia razpoke brez utrapenostnihy brazd (fig. 9). It shows mixed propagation and small contamination
With Ccorrosion produdcts visible more clearly on't NIerarnt
lar surface. On the clean part ol cracks surfuce W Ut SIratons
near the border of the brutal fracture th 02y Wi
sumilar as in fig, 8 and 9 and it showe nd n

granular propagation with the teatherhie surface of transaran

lar cleavage (hig. 10)

1

Figure 4: Fracture of the blade 447 extracted from the dise afier the
break doswn. The il crack s on the left side

Slika 4: Pretom fopatice 447, ke bala 12 turban
Zacetma razpoki je na levi stran

Figure 3: Fractore ol

aler t

Figure 7: Fracture imtsals on blade 451

—r - o, 4 . i :
Stika §: Prefom lopatice 379, Ki je bili vzet iz turbine po havarji Slika 7: Zaceth preloma na lopat !

1
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Figure 8: Surfuce of one of the ¢rchs in g
|‘|”7||'_'.

1 3 near the bottom of the

Shika 8: Povrsina ene od razpok na sl, 13 ob dnu zagede

Figure 9: Dt

of the crack surface without fatigue striations

Shika 9: Detajl povesin

riepoke brez utrugenostnih brazd

Corrosion pits were the imtials of all the cracks in the first
grove of the root, also pitting as small as 0.05 mm (fig, 11).

In all cases when the cleaning was sufficient to reveal details
the surface of cracks without fatigue striations showed a micro
morphology similar to that in fig. 10, thus brittle trans and inter-
granular propagation.

Fatigue striations were found on crack surface of several
blades at various distance from the starting point on the surface

Fhat shows that two mechanisms of stable prop

LUtion Were g
tive m the growth of cracks. Consequently, on cracks surface two
different micromorphologies of propagation were found. Pure

Figure 10: Surface of the crack in fig. 3 near the border hine of the
brutal rupture of the blade

Slika 10: Povrdina razpoke na s1. 3 ob meji 7z nasilnin zlomom

L I A

- LIt
Figure 11: Pitting and microcrack in the first rool grove

Shika 11: Zageda n mikrorazpoka v prvem Zlebu Korena

fatigue with strations of different width (fig. 12) was found on-
Iy n the crack situated i the rounded passage between the root
and the leaf of the blade. The propagation is transgranular and
the micromorphology is independent upon the width of the stri-
ation, The main feature are striations and small edges oriented in
the direction of crack propagation. It seems safe 10 conclude that
the cause for propagation was the amplitude of fatigue stress and
that large striations represent the operation of the turbine in range
of critical number of revolutions. Also the width of the narrow-
est striation is considerable (0,01 mm) and indicates 1o a rela-
tively high amplitude of dynamic stress. In the second case the
crack surface showed by macroscopic observation an apparent
pure fatigue propagation. By appropriate magnification is SEM
amixed micromorphology was observed (fig. 13). It consisted of
groups of steps and microcracks orthogonal to the direction of
propagation alternated with wider bands where the surface indi

cates & specific. mechamsm of  transgranular  propagation
Microridges parallel to the direction of the propagation of cracks

trespassed sheals of steps and microcracks orthogonal 1o the
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dircction of propagation. The conclusion is that the crack propa
gated in condinons when corrosion and fatigue prevailed alier-

natively. thus a propagation by fatigue cormosion

As already shown, all the tindings indicate that the initials of
cracking in the first grove of the root were comosion pits, also
pits as smaldl as 0,05 mm (fig. 11). The steel at the top of the pits
was Charged with hydrogen, that decreased 1t Fracture toughness

and cracks with mixed trans and intergranular propagation were

/
Figure 14: Step like crack on the working side in the first root &
Blade 435
Stika 14: Stopnicasta razpoki ni delovim povrsing v pryem sorensh

Zlebu, Lopatica

Figure 12: Surtace of the fatigue erack in the rounded arca
of the transition from the oot 1o leal of the blade

Stika 12: PovrSing utrujenostne ruzpoke nia zsobljenem prehodu
12 horena v st lopatice

Figure 15: Straight crack on the working side in the first roos gro

of blude 41

Stika 15: Ravna razpoka ma delovai strani v prvem Korenskem zlebi

lopatice 111

mitiated because of static or dynamic stresses. The imtiation took
place either on several points and single microcracks coalesced
in a steplike macrocrack (fig. 14) or in one point and the micro
crack did grow in a harline stightly curved macrocrach (fig. 135}
If the corrosion process was continued, the crack continued
propagate by the same mechanism and a crack surface without
striations was obtained. 11 the inensity of corrosion was dimin
ished or the corrosion was stopped. the propagation continued by
sufficient stress amplitude i concitions of pure fatigue

Inref. 1 it is reported that the enrichment of impurities in the
first drops of condensate could reach several orders of magni
tude, The presence of pittings in the first grove of the root shows
that the first drops of contaminated condensate appeared in this
area of the blade, where the static and dynamic stress made then
particularly harmful. The presence of pittings demonstrates nat
urally also a poor quality of boiler water, at least in some penods
of the work of the power station

y

Figure 13: Microdetail of the crack surlace m hig, 2 mthe arca of

4 2.2, Brutal fractine
Fabigue striations
Slika 13: Mikrodetagl poveSine razpoke na shike 2 na podiod ju Fhis lype of fracture was obtained in three different ways

utrujenostnih brazd, 1N SCTVICE,
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on laboratory specimens and

by bending of cracked blades in laboratory.

Brutal in service fracture was observed on blades 379, 434,
142 and 447 Fig. 16 shows the micromorphology of the fracture
i area 1 on blade 379 fractured without precrack and shown in
fig. 5. The micromorphology shows a quasi ductile propagation
under shearing stress with very rare intererystalline details, In

arca 11 ol the same blade the micromorphology is identical. In

area I, where t

e propagation occurred in conditions of plane

stran (1), the micromorphology is brittle, mixed trans and inter

Figure 16: Microdetan] of the rupture surface of the blade on fig. 3
o area |

Shika 16: Mikrodetgl povrsine preloma lopatice na si. 5 v podrodju 1

Figure 17: Microdetal of the rupture surface of the blide on fig. 5 in
area 11

Stika 17: Mikrodetayl povesine preloma Jopatice na sl. 3 v podrociu 111

granular (fig, 17). Virtually identical was the micromorphology
of the fracture of blade 434, which failed in service probably at
the same time and in similar stress conditions. Also the micro-
morphology of the brutal fracture of blades 442 (fig. 4) and 447,
two blades broken in service or during the break down and pre
cracked in the first grove of the root s similar as that in area 11

of blade 379

On notch toughness specimens the more intercrystalline
brittle propagation was found the lower was the value of notch
toughness. By alevel of 70 and more the propagation was duc
tile (fig, 18) with mostly small dimples, which indicate that on-

Iy athin layer of metal both sides of the crack hips was deformed

Figure 18: Fracture surface by a noteh toughness of 110 )

Slika 18: Prelomna poveSina pri zarezni Zilavosti 1140 ]

Figure 19: Fracture surface by a notch toughness of 52 1

Stika 19: Prelomna poveSing pn zarezni Zilavosn 52§
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3. Contamination of crack surface and mechanism of stable
crack propagation

On some of the cracked blades broken by bending in labora

tory small refatively clean areas of crack surface were
On two such surfaces. one with and the second without tatigue
striations the presence ol some elements was determmed wit
surface scanning in a SEM equipped with two wavelength
persive spectromelers. Because of the uneven surface no guant
tative analysis was possible, therefore the resulis given in table
1 have only a comparative value. It seems logical to cong

Il

that all the analysed elements were present on the crach surlis
as compounds, since all of them could not reach the crack sur
face as pure elements. It s assumed also. considering the trices

of corrosion on the surtace of the blade

s, that sulphur and ¢hl

rine are present in form of sulphate rsp. chloride which in water
solution strongly ncrease the corrosivity of the droplets m th
first arca of steam condensation (2. 3, 4). The very great ditfer
ence in the level of contamination offers a logical support for the
following explanation of the difference i the process of stable
crack propagation and the resulting difference in the morpholo

gy of the surface of cracks

Figure 20: Fracture surfice by a notch toughness of 35 ) Fable 1: Results of the analysis of crack surfaces
Stika 20: Pretomna povesina pri zarezni Zilavosti 35 Fabela 1: Rezultat analize povrsine prelor
Blade Mode of crack Element, m
No. propagation Cl Na Ca S S 1S
435  without fan sty $7.7 iRd 55 6 12 302 W79
136 with fat. sty 6 017 32 124 119 0

Chloride 1ons break the passive L on the surd n th
blade, cause a rapid local process of corrosion and 1
formed because the cathodic arca is much greater than the anod
ic area. On the bottom of the pittings the condition for the
ation of cracks are Presents an agEressive solution. st 1l
tp, great passive lateral surface as well as brttle steel charged
hvdrogen produced at the tip by the corrosion process throu
the |I\‘”n\‘lllj_' electrochemical reactions M > M = { ined

Figure 21; Fracture surliace by a notch toughness of 221
~

Slika 21: Prelomma poveSina pri zarezn Zilavosti 22

during the formation of the voids. Below atoughness of 60 J the
surface shows a guasi brittle propagation with frequent arcas of
propagation through martensite platelets lying in the plane of
the fracture and rare ductile details (fig. 19). By a notch tough-
ness of 34 1 in a similar transcrystalline matrix intergranular
facets are found (fig. 20) and by a notch toughness of 24 J the
intergranular brittle propagation predominated (fig. 21). It
seems thus that the dimimution of toughness below a level of ap

pr. 35 1 is connected to an increasing part of intergranular bt

tle crack propagation. The micromorphology ol fracture tough
ness and of notch toughness specimens of the same steel was Figure 22: Microstructure by a notch tough
virtually wdentical, Slika 22: Mikrostruktura pei zarczm Zilavost 1100
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Figure 23: Microstructure by a noteh toughness of 351
R )

Shika 23: Makrostruktura per zarezm Zilavosti 35 )

M'Cl+H.O=MOH + CI + H". Metal ehloride produces through
hvdrolvsis metal hydroxide as deposit on the crack surface and
tons of hydrogen and chloride. The Tormation of acid in the pitts
lowers the pH value. preduces hydrogen ions which promote the
hydrogen induced stress cracking (HISC), In references 2, 3 and
d the brittle cracking of martensitic stamless steel in the presence
ol a corrosion process which generates hydrogen ions in cathod-
e areas is confirmed. Typical features of this type of cracking are
1on branched cracks. which were found in all the blades cracked
im the finst grove of the root, while in case of stress cormosion
cracking the cracks are branched. Hydrogen in interstitial solu
Don segregates 1o arcas ol wenstle stress concentration. lowers the
duculity and the fracture wughness of the steel and causes a

mixed trans and intergranular brittle fracture

4. Microstructure and notch toughness

The examination in optical microscope did not show signil
cant ditferences m microstructure of the steel. while the obser
vation in SEM was more instructive. In all cases the microstruc
ture consisted o tempered mostly acicular martensite. By
observation in SEM it was possibly to connect partly the mi
crostructure. especially the size and distribution of tempered car-
bide particles, to the notch wughness, By high notch toughness
the carbide particles are coarse and the habitus of martensite

poorly marked (fig. 22), By intermediate toughness level the par-
ticles of carbide are smaller, frequently aligned along grain
boundaries and along martensite platetels. and the habitus of
martensite s well marked (fig. 23). By a very low notch tough
ness of 2000 the microstructure is similar. A careful evaluation in
dicates that the difference in noteh toughness and the increasing
part ol mtergranular fracture can not be explained only in terms
of microstructure. The tempering temperature required for o high
limit of elasticity for this type of steel is in the range of reversible
miergranulir segregation of some elements. especially phospho
rus (3). It seems thus that the intergranular fracture by low tough-
ness s partly due also to the brittleness produced by intergranu-
lar segregation. This conclusion is confirmed by the fact that
frequently intergranular facets are pertectly smooth (fig. 21).
thus typical for intergranular brittleness produced by reversible

intergranular segregation (5).

Conclusions

In the paper the results of the investigation of the cracks and

fractures surtace of wrbine blades are presented

On the base of the cracks macro and micromorphology three

mechanisms of stable crack propagation were established:
mixed inter and teansgranular propagation by HISC and
transgranular propagation by corrosion fatigue, and
transgranular propagation by fatigue.

In the First two cases cracks started on corrosion pits as small
as 0.05 mm. Brutal fracture in turbine and in laboratory oceurred
by mixed brittle trans and intergranular propagation. On the ini
tal part of the in turbine rupture of the blades without crack the
fracture was ductile, in the second area the propagation was brit-
tle trans- and intergranular while the lracture of precracked
blades was completely brittle. The lowering of the notch tough
ness of the steel below appr. 35 1 is characterised by an increas
g part of intergranular fracture with a smooth surface suggest
ing that the steel brittleness was connected to the microstructure

as well as 1o an intergranular segregation of phosphorus.
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