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ABSTRACT

The present study was aimed at
analysing the failure of a weld re-
paired turbine casing after 30 years
of total service including 5 years
after weld repair. The casing was
weld repaired by a high alloyed weld
metal (24Cr-32Ni-4Mn-Fe). The base
metal consisting of ferrite-pearlite mi-
crostructure did not show any appre-
ciable degradation during senf/ice. 6
ferrite was observed at the interface
of weldment and HAZ as predicted
by the Schaeffler diagram. The 5-
ferrite phase appeared to transform
to alloy carbides and a-phase during
high temperature service.

The difference between thermal ex-
pansion coefficients of ferritic and
austenitic stainless steel led to the
generation of stress in addition to the
usual thermal stress. The resultant
stress was estimated to be near to
the yield stress indicating that the
weld zone experienced a typical
condition of low cycle fatigue. The
presence of striations on the fracture
surface confirmed thermal fatigue as
the failure mode. Crack growth took
place along the grain boundaries

embrittled by a-phase and led to fail-
ure. The correct choice of the filler
metal should have been a high Ni-
base alloy having similar coefficient
of thermal expansion as the ferritic
steel base metal.

INTRODUCTION

Casing is one of the major compo-
nents of a turbine system [1], High
pressure steam from boiler is fed
into the casings through nozzles to
rotate the turbine discs. The casing
withstands the steam pressure as
well as maintains support and align-
ment of the internal components. It
is normally a massive cast structure
with a large wall thickness.
Increased efficiency requires higher
steam pressures and temperatures;
thus, requiring casing materials with
improved thermal fatigue resistance
as well as greater toughness and
high yield strength. In general, the
class of materials more extensively
used for casing are Cr-Mo steels i.e.
low alloy ferritic steels. The strength
of these steels at elevated
temperature is derived from the
effect of solid solution and alloy
carbide precipitation [ ].
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High pressure turbine casings are
prone to two types of- damages ;
distortions and cracking. Casing dis-
tortion can cause damage by allow-
ing contact between stationary and
rotating parts. Distortion is caused
due to thermal gradient and rapid
start-stop cycles. Secondly, high
thermally stressed zones are critical
for crack initiation. Cracking of the
casing leads to steam leakage and
in extreme situation to bursting.
Cracking can be caused by three
reasons : thermal fatigue (65%).
brittle fracture (30%) and creep (5%)
[3]. Most electrical supply systems
operate on a load following mode
and thus, are dependent on daily
and seasonal variation in load. This
leads to transient thermal gradients
during load cycle. Repeated cyclic
stresses aided by creep damage at
high temperature lead to the forma-
tion of cracks. These cracks are nor-
mally transgranular in nature; degra-
dation of material toughness due to
long term service exposure results in
rapid crack growth and catastrophic
brittle failure can then take place.
Therefore, it is necessary to remove
the cracks by grinding at the early



stages and local repairs be carried
out by welding [4-7].

In the present case, the cracking in
a repair welding zone in a turbine
casing of 60 MW thermal power
plant has been investigated. The
turbine assembly had two zones : (a)
High pressure (HP) zone and low
pressure (LP) zone. After 25 years
of service, a crack was detected on
the lower casing of HP zone near the
steam inlet. This crack was repaired
by welding. After 5 years of service
since the repair, a crack was again
detected on the weld zone. The
thickness of the casing made up of
a Cr-Mo steel was of the order of
0.50 m. The size of the crack was
0.10 m in radial direction and 0.30
m in axial direction. A schematic
diagram showing the crack morphol-
ogy is shown in Fig. 1. Actual pho-
tograph showing the crack in the
turbine casing is not shown on ac-

WELDMENT

count of a confidentiality agreement
with the power plant authority. In the
present paper, the causes of crack-
ing of the weld zone have been
analyzed. The present condition or
the base metal has also been evalu-
ated to assess whether the turbine
can be employed again after repair-
ing the new crack.

For the purpose of analysis, a piece
(0.06 m x 0.02 m) was trepaVmed
from the cracked region.

EXPERIMENTAL PROCEDURE

The composition of the base metal
and weld metal were determined by
standard spectrometric analysis.
Metallography was carried out as per
standard practice. The microstruc-
ture was analyzed by scanning elec-
tron microscope (SEM) equipped
with energy dispersive X-ray analy-
sis (EDX) facility. Special etching
method was employed to detect the

(Austenitic Stainless Steel )

Fig.l: Schematic diagram of the casing showing the
position of ttie crack
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presence of 5-ferrite in the weld
zone. It was done by chemical etch-
ing with boiling Murakami’s reagent
for 5 minutes. The composition of the
reagent is .o gm K:Fe(CN)g, :o gm
KOH and 100 ml distilled water. To
reveal a-phase, electrochemical
etching was carried out with a so-
lution of 40 gm NaOH and 100 ml
distilled water. A constant voltage
source was used with plantinum foil
as cathode. Voltage was 3V and the
ume of etching was 35 sec.

Fractography was carried out by
SEM to understand the mode of frac-
ture. Hardness testing was per-
formed in a Vickers scale in order
to estimate the yield stress and
tensile stress of the base and weld
metal using standard formulae of
conversion.

RESULTS
Visual Examination

Fig. 2 shows the photomacrograph
of the piece cut from the fractured
zone of the casing. Three zones
were identified in the figure namely,
weldmetal, Haz, and the base metal.
A hole can be observed on the weld
region. Cracks were found to have
emanated from that hole.

Chemical Analysis

The casing material was found to be
1 Cr-0.5 Mo type with 0.18% carbon.
The weld metal was found to be :
0.18%C, 0.32%Si, 4%Mn, 24%Cr,
32%Ni, 2%Mo,~ r/oNb and balance
Fe. This corresponds to an austenitic
alloy equivalent to modified 800H[8].



Microstructure

Microstructure of the base metal
shows ferrite-pearlite structure (Fig.
3) which is expected from this grade
of steel under a normalised condi-
tion[9]. Pearlite colonies started to
break up, but the process of disin-
tegration was yet to be compleil.
fully. Fine particles of carbides were
also seen within the ferrite grains.
Some elongated carbides were ob-
served at the grain boundary. By
EDX, it was found that cementite in
the pearlite colony is enriched with
other alloying elements i.e. Mn, Cr,
Mo. The carbides within the grain
could not be analyzed by SEM be-
cause of their small size. However,
as per literature, those fine precipi-
tates should be complex alloy car-
bides [9].

Microstructure of weld metal showed
cellular ~ morphology  (Fig.4).
Microcracks were found to have
nucleated from the hole. Cracks
were also observed along the aus-
tenite grain boundaries. The cracks
were mostly intergranular in nature
(Fig. 5). EDX analysis showed the
presence of Cr rich phase along the
grain boundary. Nb was also found
in this region. It is known that Si and
Nb in addition to the impurity ele-
ments, ., P segregate at the
dendrite interfaces during solidifica-
tion causing cracking [10]. 5-ferrite
was not observed in the weldment;
except near the weld/base metal
boundary on the weld metal side at
the austenite grain boundaries (Fig.
). a-Phase was also observed at

Fig.2: Macrostructure showing the various zones of the sample across
the weldment (W:Weld Zone; H:HAZ; B:Base Metal)

Fig.3: Microstructure of the base metal

the grain boundary in the weldment
very near to HAZ (Fig. 7). HAZ also
showed the presence of a-phase at
the ferrite grain boundary (Fig. ).

Fractography

SEM investigation of the fractured
surface showed that the cracks had
originated within the weld zone. The
voids and cavities observed in the
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weld zone appeared to be the sites
of crack origin.-These voids and
cavities might have been generated
during the welding operation due to
improper welding procedure. Diffuse
striations were observed in the frac-
ture surface (Fig. 9). These diffuse
striations can be attributed to be a
signature of thermal fatigue.



Fig.4: Cellular microstructure of the weld metal Fig.5: Intergranular crack propagating from a tiole present in the weldment

% I

Fig.6: Presence of 6-ferrite within the weld very near to weld/HAZ interface Fig.7: Presence of o-phase at the austenite grain boundary in the weld.

f mm t4

Si".SvsW

Fig.8: Presence of o-phase at the fem'te grain boundary in HAZ Fig.9: Diffuse striations observed at the fracture surface.
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Hardness

Hardness measurements (VHN-
20 kg) were carried out on the base
metal as well as on the weldment.
The values in the base metal was
found to be 190-200 which is ex-
pected from this steel of the micro-
"structure described earlier. Hardness
values obtained at the welfiment
showed large scatter (300-400 VPN).

The tensile stress in MPa was es-
timated from hardness data by the
following  relationship  [:.]
57s(MPa) = 3.2 X Hv. The values
were 624 MPa for base metal and
960 MPa for weld metal.

DISCUSSION

It is necessary to understand the fol-
lowing points in order to analyze the
failure in the repaired weld joint :

a) Is the base metal in good met-
allurgical condition

b) Was the choice of the austenitic
alloy as the repair weld filler
metal proper

c) If the choice of the filler metal
was not correct, what could
have been a better choice

For a repair weld, the first condition
to satisfy is that the filler metal must
show a good weldability. The second
requirement is that the ductility of the
weld metal and the HAZ should be
equal if not better than the base
metal,

The material for welding was auste-
nitic. For a high temperature service.

the characteristics of the filler metals
and base metal should ideally be
matched as closely as possible.
Thus, 1.25Cr - 0.5Mo filler metal can
be used for welding 0.5Cr - 0.5Mo,
ICr - 0.5MO and 1.25Cr - 0.5Mo
steels [..], However, after welding,
the components should be annealed
to relieve residual stress since such
steels undergo martensitic/bainitic
transformation during welding, if pre-
heating is not carried out. The ten-
dency for martensite formation is re-
duced to a considerable extent and
even eliminated when austenitic
steel is used as filler metal.

For a large component like casing,
preheating and postweld heating are
difficult. To avoid such heat
treatment of thicker section, austen-
itic stainless steel of AISI 309 or 310
are often employed for minor repair
welding of Cr-Mo steels [12]. Stain-
less steel weld metal has higher as-
welded ductility than Cr-Mo steel.
For these reasons, the majority of
welding stresses are relieved
through vyielding during the welding
operations. It also resists decarbur-
ization and thermal shock. As
austenitic steels are richer in alloying
elements, the weld metal near the
fusion line gets diluted and the HAZ
gets enriched in alloying elements.
The dilution effect is important since
the microstructure in steel or metallic
alloy is a function of the chemical
composition and the heating/cooling
rates. This, in a way, can reduce the
susceptibility for martensite forma-
tion,
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Another reason for the use of aus-
tenitic steel is the susceptibility of
ferritic steels to type IV cracking i.e.
cracking during post-weld heat treat-
ment [13]. This cracking occurs at
the edges of HAZ material adjacent
to unaffected base metal. Improved
heat treatments have been found to
eliminate the propensity for type IV
cracking. However, it requires
furnance facilities capable of imple-
menting the stress-relief treatment of
the entire component. Othenwise, the
only alternative is to incorporate a :.
to .. % safety margin of stress into
the design.

The above points of discussion sug-
gest that repair welding of low alloy
ferritic seel by austenitic filler metal
is easier at inaccessible regions of
service induced cracks by avoiding
the preheating and the post weld
heat treatments. However, it has
been found that this austenitic filler
metal is not saisfactory if the welded
joint is subjected to cyclic tempera-
ture service or a service temperature
where either C-migration or a-phase
formation can take place [12], In the
present case, chemical analysis of
the base metal and the weldment
have shown that the amount of car-
bon is same in both the cases
(0.18%). Hence, the possibility of C-
migration can be ruled out. There-
fore, the role of a-phase was very
important.

Condition of the Base Metal

In the case of the ferrite-pearlite mi-
crostructure the cementite platelets



break up and gradually spheroidise
at high temperature. Partitioning of
alloying elements like Cr, Mo also
takes place between the matrix and
the carbides. There have been sev-
eral investigations to understand the
nature of microstructural changes
and consequent degradation. In
terms of the morphology and size of
carbides that we have observed, the
microstructure in the base metal
matches with the Grade “C” of the
table by Toft & Marsden [15]. This
is as follows : “Intermediate stage of
spheroidization; distinct signs of car-
bide spheroidization in the pearlite
areas although lamellar nature is still
evident. Increased carbide precipita-
tion within the ferrite grains as well
as along the grain boundaries”.
Grade ‘0’ lies intermediate between
grade ‘A’ and ‘F. This indicates that
the base metal still retains a micro-
structure that should not lead to
failure. The question then is - why
the base metal developed a crack in
the first place when the repair was
carried out earlier. A possibility is
that a defect was present from the
manufacturing stage that had
initiated the crack.

Condition of the Weld metal

From the chemical analysis, the weld
metal was found to be closer to
modified 800H [.]. This alloy
contains Nb which helps to have an
increase in corrosion resistance and
retain high strength at moderately
high temperature. Also, the presence
of Nb increases the resistance to
sensitization during welding or

service  exposure at  high
temperatures [16, 17]. The alloy has
similar thermal conductivity in com-
parison to austenitic steels; but the
thermal expansion coefficient is in-
termediate between the austenitic
stainless steels and the ferritic steels
[18].

It has long been recognised that
austenitic stainless steels are
subject to cracking in either the weld
metal or the heat affected zone
(HAZ) or in both [19]. The type and
origin of cracking has been
associated with the low liquation
temperature of various microstruc-
tural constituents [20]. The problem
is also known to be severe in thick
sections because of greater con-
straint [, . ]. Recently, liquation crack-
ing in the HAZ of AISI 347 was found
to be associated with eutectics of Nb

rich phases at grain boundaries or
interfaces [.. ]

To assess the worth of alloy 800H
as a filler metal, Schaeffler diagram
(Fig. 14) can be made use of. The
chromium and nickel equivalents in
the X and Y axis in the diagram are
calculated as follows :

Cr™ = %Cr + %Mo + 1.5 (%Si) +
0.5(%Nb) and

NM = %Ni + 30(%C) + 0.5(%Mn)

On this basis, the low alloy ferritic
steel in the present case corre-
sponds to the point ‘P’ (Cr™ = 1.55,
Ni"* = 5.9) and that of the weld metal
corresponds to point 'Q" (Cr™ = 27.23
and NiYjj = 39.4) in the diagram (Fig.
1o ). Since point ‘P’ lies in the mar-
tensite region and point ‘Q’ lies in the
fully austenite region, there is a

Fig.10: Schaeffler diagram indicating possibility of . -ferrite formation due
to dilution
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possibility of a large amount of di-
lution by the base metal when it
melts during the weld metal deposi-
tion. It has been estimated from the
diagram that in order to have a mi-
crostructure which would have mar-
tensite phase other than austenite, a
dilution of the order of 65% is
needed. For fully martensite, a dilu-
tion of 77% is required. Practically,
the amount of dilution mentioned
above is impossible to achieve. But
to have . -ferrite as a secondary
phase, the required dilution would be
much less and achievable.

Fully austenitic steel is liable to hot
cracking which occurs during weld
metal solidification. This cracking
takes place due to segregation of im-
purity elements such as S, P and
other elements lead to low melting
point phases. It is well known that
the 5-ferrite in the HAZ or weld in
austenitic steels benefits resistance
to hot cracking. Certain amount of . -
ferrite (5-8vol%) will scavenge the
impurities and take care of certain
amount of thermal strain [23]. While
the primary reason for hot cracking
is segregation of deleterious ele-
ments at the grain boundaries, an
important contributing factor is the
high coefficient of thermal expansion
due to which a large amount of strain
accumulates during solidification of
the weld metal. Schaeffler diagram
is a good pointer to indicate the so-
lidification mode of stainless steels.

The cracks that have been observed
in the weld metal in the present case

could be due to one or more of the
following reasons : (i) hot cracking
as explained above, (i) due to trans-
formation of . -ferrite to a-phase; the
» -ferrite could be formed during
welding, and (iii) due to thermal
fatigue damage. Hot cracking as
mentioned earlier is due to the
presence of impurities at the grain
boundaries: however, such elements
were not detected. Hence, the
presence of hot cracking by impurity
can be ruled out. However, the
second possibility i.e. transformation
of « -ferrite cannot be ruled out. Ac-
cording to Schaeffler diagram, the
weld metal is in the fully austenitic
region. Also, by using boiling
Murakami's reagent as an etchant,
no . -ferrite was observed in the
weldment. However, . -ferrite was
observed near the HAZ (within the
weldment) as well as within the HAZ.
The volume fraction of . -ferrite was
more in the HAZ. The formation of
this phase can be explained if the
effect of dilution can be taken into
account. Migration of Cr is prominent
among the other species because of
its size factor. Cr having the smallest
atomic diameter can diffuse easily
compared to Ni and Mo. On the
basis of EDX analysis the weld metal
near HAZ had Cr™ > 25 and N <
20. Similar analysis shows that HAZ
had Cr* > 30 and N™ < 15. The
above two cases are marked as X
and Y, respectively in the Schaeffler
diagram (Fig. 14). As Cr” increases
and Ng" decreases, the propensity of
» -ferrite formation increases.
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EDX analysis at the austenite grain
boundaries showed considerable
amount of second phases which are
enriched with Nb. Nb being more
reactive compared to Cr, forms more
stable carbides or carbonitrides.
Constitutional liquation of these com-
pounds occur in Nb bearing auste-
nitic alloys to form a low melting
point eutectic with austenite [22]. It
has been observed
metallographically by Messier and Li
[24] that a eutectic of austenite and
Nb rich phase was present at the
final stages of solidification of the
liquated grain boundaries in an aus-
tenitic steel. They also showed
similar behaviour of significant Nb
enrichment at the grain boundary
compared to the matrix. It was
reported that a high C+N content
relative to Nb content increased the
liquation temperature of grain bound-
ary eutectic, reducing cracking sus-
ceptibility. However, in the present
case, Nb content is quite high and
that lowered the liquation tempera-
ture and increased the cracking sus-
ceptibility, probably by forming
Fe2Nb.

After high temperature exposure the
» -ferrite converts to a-phase and
alloy carbides by two step eutectoid
reactions [25]. The first step leads to
the formation of austenite and a Cr-
rich carbide (M23C6) by a lamellar
eutectoid reaction, a-phase forms as
a result of a second eutectoid reac-
tion. Once the a-phase forms, the
microcracks formed due to thermal
stress will propagate fast with the aid



of a-phase embrittlement. Even
voids can generate near the grain
boundary carbides as well as around
the a-phase. In the following dis-
cussion, the intensity of thermal fa-
tigue to initiate cracks within the
weldment will be analyzed.

Origin of Stress

Two types of stresses are mainly
found in the casing e.g. thermal
stress due to temperature cycling
and mechanical stress due to the
steam pressure. In the following sec-
tions, the following stress compo-
nents are considered ; o. the cir-
cumferential stress, the longitudi-
nal stress, and the radial stress

(Fig. 1).

Considering the solution of thermal
stress in a hollow cylinder with inner
and outer radius, a, and b, respec-
tively, the stress components are as
follows [26],

akE

Q = Trdr-T)
Novo g2 g2

M

a is the coefficient of thermal
expansion, u is the poisson's ratio,
E is the Young's modulus, r is the
point from the centre where the
stress is to be calculated and T is
the temperature Considenng steady
temperature distnbution and Ta, Tb
as the inner and outer surface tem-
peratures, the distribution of tem-
perature as a function of r from the
centre can be expressed as :

T=Th+ AT
log 3 )

Here, AT is equal to (Ta-Tb). Putting the above expression in stress equa-
tions, the relations at any distance (r) from the centre of the cylinder can
be expressed as :

_ ap.E.AT
2 = ®
2 (i-u) - log ()
= ap.E AT , al
+ (:-u). log (')
ap.E., AT
r= (5)
2 (1-u) .log (-)

where aF is the thermal expansion coefficient for the ferritic steel.

It can be seen from the above equations that if AT is positive (which is
the case during heating), the radial stress, a, is compressive at all points
and becomes zero at the inner as well as outer surfaces. The stress
components of af and have their maximum compressive values at the
inner surface (r = a) and maximum tensile values at the outer surface (r
= b). The values of those stresses at the two surfaces are equal in magnitude.
Now it is of interest to evaluate those stresses at r = a where the stress

components are reduced lo

aEAT
(ctg) r=a = (0z) 1 (6)
2 (1-u) .log (-)

The casing is about 50 cm thick. Inside wall temperature which is in contact
with the steam is around 400°C whereas outer is at around 200°C. Taking
aF =12 x 10.6/°C; E = 160 GPa, AT = 200°C (This value has been estimated
from the theoretical considerations of ijmperature of steam, thermal conduc-
tivity and heat flux), u = 0.3, a = 0.70 m and b = 1.20 m, the values of
oo and o are found to be 343 fi/lPa.

INDIAN WELDING JOURNAL,
42

JULY 1998



Austenitic we|.dmetal has high ther-
mal expansion coefficient (0A) of
18x10-"/°C around 500°C compared
to the territic steel ( aF = 12 x 10°
. ®°C [18], Therefore, the effect due to
this thermal mismatch must be con-
sidered for evaluating the stresses.
It is possible to approximate the ther-
mal stress that might be generated
at the inner surfaces due to this mis-
match. The value of E for both the
filler material as well as the base
material have been considered to be
equal. Comparing the thickness of
the cylinder with respect to the depth
of the weld zone, the above stress
equations can be modified as

M _(aA-ctp). A7 £
21 -U)

()

The stress values are evaluated to
be of 136 MPa. Hence, the total
stresses arising out of thermal stress
are in the order of 480 MPa.

The stresses generated due to
-« MPa) during
heating cycle can be neglected in
comparison with the stress values of
thermal origin. Now applying
Tresca’s criterion, with the above
stress condition at the inner surface,
where 0Q and a, = -480 MPa and
ar =, , the equivalent stress is found
to be of 480 MPa which is nearer
to the yield stress of the material. It
should be noted that similar magni-
tude of stress will develop during
heating and cooling cycle leading to
a situation of low cycle fatigue. The
defects present in the weld will act

steam pressure (-

as stress raiser and eventually crack
will be initiated in the weldment by
thermal fatigue (low cycle fatigue)
mechanism. It is highly probable that
after a few cycles crack will be ini-
tiated under the above stress con-
dition and will propagate fast if weak
paths are available in the micro-
structure. In the present case, a
weak path was present in the form
of a phase at the grain boundaries.

CONCLUSIONS

The weld repaired zone in a ferritic
steel turbine casing developed crack
again due to a wrong choice of the
filler metal for the repair. The base
metal consisting of ferrite-pearlite
microstructure did not show any ap-
preciable amount of spheroidization.
However, the weldment was found
to be degrated. Dilution of alloying
elements took place and 5 ferrite
was observed at the interface of
weldment and HAZ in line with the
prediction by Schaeffler diagram.
These . -ferrites appeared to trans-
form to alloy carbides and a phase
during high temperature service ex-
posure. The difference between
thermal expansion coefficients of
ferritic and austenitic stainless steel
led to the generation of stress in
addition to the thermal stress. The
resultant stress (480 MPa) was
found nearer to the vyield stress
which indicates that the weld zone
experienced a situation of low cycle
fatigue. Holes and cavities whch had
been present in the weld appeared
to be responsible for initiating the
cracks. The presence of striations
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on the fracture surface confirmed
thermal fatigue as the failure mode.
Cracks after the initiation from the
defects, grew faster along the aus-
tenite grain boundary embrittled by a
phase and led to failure of the com-
ponent.

The correct choice of the filler metal
should have been a high Ni-base
alloy having similar coefficient of
thermal expansion as the ferritic steel
base metal.
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