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Failure analysis of high temperature studs
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Abstract

Studs in the interceptor valve of a 110 MW unit failed after a service life of 148,700 h. The studs were operated under
a steam pressure of 35 kg/cm? and a temperature of 535°C. The studs were fractured at one end of the threaded end.
Various techniques were employed to analyse the failure of the studs. It has been concluded that the failure of the studs
was due to reverse temper embrittlement. The failure was delayed due to the presence of Mo and V. To reduce the
tendency to this kind of failure, the following steps were recommended: (a) reduce the phosphorus content in the steel
to a low level or (b) reduce the grain size to about 10 pm. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A steam turbine consists of many bolted joints. The main requirement of these bolts at high temperature
is to maintain steam tight joints without relaxing or fracturing. Thus, the stress-relaxation characteristic of
the bolt material is an important criterion because for a given joint, the load required to exceed the steam
load is applied to the flange area by tensile loading of the bolt. The stress-relaxation characteristics must be
such that even when the stresses are relaxed, they are still in excess of the design stress. The elastic strains
produced by initial tightening of the bolts are progressively converted to creep strain, thus reducing the
effective load on the joint. This leads to leakage in the turbine. The fracture of a bolt resulting from
metallurgical causes or poor design can lead to severe damage.

Generally, the bolts fail due to creep damage or brittle fracture. During every tightening due to stress-
relaxation, creep strain will be accumulated and it will reach the maximum creep ductility of the material.
Brittle fracture of bolts can occur if the fracture toughness of the material is too low. The bolt materials are
made of high strength steel which has inherently low toughness. The toughness can be further degraded in
service by temper embrittlement. This is also known as reversible temper embrittlement (RTE). RTE refers
to the decrease in notch toughness when tempered low alloy steels are heated in or slowly cooled through a
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critical temperature range i.e. 300-600°C. This form of embrittlement is of major concern to the integrity
of engineering components that operate within the critical temperature range. This is manifested as an
increase in the ductile-brittle transition temperature together with a change in the low temperature fracture
mode from cleavage to intergranular. The problem of temper brittleness of CrMoV steels was detected
during disc failures at Hinckley-Point in England in 1969 [1] and subsequently a rotor failure at Gallatin,
Tennesse in 1974 [2].

High temperature turbine bolts in fossil-fired power plants are subjected to temperature at or beneath a
maximum steam temperature of 540°C. These bolts and studs are generally made of Cr—Mo-V steels
strengthened by stable V,4C5 precipitates. Various failures of bolts of this grade of steel have been reported
to be due to temper brittleness [3-6].

In the present paper, failure of studs in the interceptor valve of a 110 MW unit which were found broken
during overhauling was investigated [7]. The position of the studs in the valve is shown in Fig. 1. The studs
completed a service life of 148,700 h. The studs were operated under high quality superheated steam sub-
jected to maximum pressure of 35 kg/cm? and temperature of 535°C. Studs were fractured from one end of
the threaded end as shown in Fig. 2.

2. Experimental procedure

The chemical composition of the stud material was analysed by wet chemical analysis. Optical metal-
lography and scanning electron microscopy (SEM) examinations were carried out to ascertain the micro-
structure of the material. Hardness measurements was made on the Vickers scale with 20 kg load. Impact
specimens were made and tests were carried out as per ASTM E-23. The notch was made perpendicular to
the stud axis. After the tests, fractography was carried out under SEM.

To compare the degradation of microstructure and mechanical properties, one new stud was taken and
similar tests were conducted on it.

3. Results

3.1. Chemical analysis

Chemical analysis of the failed stud material is shown in Table 1. The chemical composition of the new
stud was tabulated for comparison.

3.2. Microstructure

Samples were taken from the fractured end of the failed stud for metallographic investigation. As men-
tioned earlier, the fracture took place from one of the threaded ends. Samples of the new stud were also
taken just below similar thread ends. Standard metallographic technique was employed for sample
preparation and they were etched with Nital reagent. SEM micrograph shows tempered bainitic structures
in both cases (Fig. 3). Some of the prior austenite grain boundaries have carbides rich in Cr and Mo. This
kind of microstructure is quite common for this grade of steel.

3.3. Mechanical properties

Average hardness values of three indentations were obtained. Both studs have hardness values in the
range of 240-250 VPN.



S.G. Chowdhury et al. | Engineering Failure Analysis 8 (2001) 521-528 523

Impact tests were carried out at room temperature in a Wolpert Impact Testing Machine. Two samples
were tested for each condition and the average value was taken. The impact energy values for the failed and
the new stud were 9 and 188 J, respectively.
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Fig. 1. Schematic diagram showing the position of the stud on the valve.
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Fig. 2. Photograph of the virgin stud (V) and the failed stud (F) (arrow indicates the point of fracture).

Table 1
Chemical composition (wt.%)

C Cr Mo v Si Mn P S
Failed stud 0.20 1.56 0.78 0.36 0.19 1.24 0.038 0.035
New stud 0.21 1.82 0.88 0.35 0.22 0.81 0.033 0.031
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Fig. 3. Micrograph of the failed stud.
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3.4. Fractography

The fracture surface of the failed stud was fully covered with iron oxides. Thus, evidence of fracture
morphology could not be obtained. However, the oxide scales on the fracture surface were removed with
active reagents (pickling solution). The macrophotograph of the fracture surface is shown in Fig. 4. The
total fracture area can be divided into two zones: slow propagation zone (A) and fast fracture propagation
zone (B). Within zone A, it can be visualised that cracks might have initiated from more than one point.

Fracture surfaces of the impact tested specimens were examined in SEM. The samples made from the
failed stud showed complete intergranular brittle fracture morphology (Fig. 5a); whereas the sample from
the new stud showed ductile dimple morphology (Fig. 5b). The differences in the impact energy values in
conjunction with the different fracture morphology indicates that the failure took place due to inter-
granular embrittlement.

Fig. 5. (a) Fractograph showing the fracture surface of the impact tested specimen of the failed stud; (b) fractograph showing the
fracture surface of the impact tested specimen of the virgin stud.
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4. Discussion

From the above experimental results, it is apparent that the stud material undergoes a kind of embrittle-
ment the rate of which is very slow. It ultimately leads to a delayed failure. In tempered steels, there are
various kinds of embrittlement which take place due to structural changes. These are classified as: tempered
martensitic embrittlement, temper embrittlement, hydrogen embrittlement and liquid metal embrittlement.

The studs were in contact with superheated steam at around 500°C. Thus, the possibility of hydrogen
embrittlement can be ruled out, because at this temperature hydrogen will diffuse out of the specimen. It is
pointed out that the studs failed after 148,700 h of service as well as no low melting point element such as
Cd was found. Thus the possibility of liquid metal embrittlement can also be ruled out; if it is not so, the
stud could not have completed so many hours of service at this temperature.

It is well known that temper martensitic embrittlement occurs at temperatures between 260 and 370°C.
The phenomenon takes place due to decomposition of retained austenite to cementite in the interlath
region of martensite plates along the prior austenite grain boundaries. In the present case, the micro-
structure and the hardness pattern show that the material was properly hardened and tempered before
service. Thus the possibility of tempered martensitic embrittlement can also be ruled out; if it is not so, it
would have failed long before.

Temper embrittlement of this category of steel takes place due to impurity segregation at the grain
boundaries and finally decohesion of the grain boundary. This leads to intergranular fracture morphology.
It is signalled by a material toughness loss. It is pointed out that grain boundary segregation depends on
the alloying elements of the steel [8]. In Cr—Mo steel, phosphorus is the major embrittling element. How-
ever, the kinetics of phosphorus segregation in this steel is different from that of other steels because of Mo.
Molybdenum had a strong effect in lowering the solubility of phosphorus in iron [9]. This was interpreted
as due to a molybdenum—phosphorus scavenging reaction; so, if molybdenum is free in solution, it appears
to either prevent phosphorus from segregating to the grain boundaries or to reduce the embrittling potency
of phosphorus at the grain boundary [10-12]. It is also observed that the molybdenum effect disappears
after very long ageing times at elevated temperatures due to precipitation of molybdenum carbides resulting
in the ultimate release of phosphorus which was then free to segregate to grain boundaries [13]. Generally,
molybdenum carbide forms quite late in the tempering process. It is reported that if the steel is tempered at
low temperatures for a short period of time, very long (thousands of hours) ageing time is required at lower
aging temperatures for the embrittlement to be effective; whereas if tempering is carried out at high tempera-
ture (~600-700°C) for a very long time, molybdenum carbides will precipitate out fully and embrittlement will
be very rapid after subsequent ageing [14].

Although molybdenum is an effective element to reduce the susceptibility for temper embrittlement, the
precipitation of molybdenum as carbide must be taken care off. (It is observed by McMahon et al. [10] that
the addition of 0.6% Mo in a P-doped NiCr steel resulted in the delay in embrittlement by several hundreds of
hours during aging at 500°C.) To avoid that, it is observed that vanadium is added in this grade of steel [15].
Vanadium is strong carbide former compared to Mo and Cr. V initially forms MC type carbide; this
changes the Mo:C and Cr:C ratios. The increase in Mo:C ratio is favourable for Mo,C type carbides and
that of Cr:C ratio is favourable for Cr,C; carbides in this grade of steel. These changes in carbide formation
sequences basically slow down the precipitation of Mo as carbides. When the Mo in solid solution in the
ferrite matrix is fully removed, P is free to segregate and the material thus gets embrittled.

In the present steel, the level of phosphorus is 0.038, Mo is 0.84 and V is 0.35. The presence of V alters
the carbide formation schedule and allows the material to be in service for 148,700 h before failing by
embrittlement. Thus, the failure of the studs was delayed due to presence of Mo and V in the steel which
did not allow P to segregate to the grain boundary. With slow and gradual changes in carbide composition,
Mo was removed from the solution. Finally P was free to move to grain boundaries and fracture took place
by grain boundary decohesion.
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Three principal factors which affect RTE in this kind of steel are:

i. bulk P content
il. grain size
iii. accumulated strain

Recently an equation has been proposed based on studies on a series of Cr—Mo—V turbine bolts [16]

d x (% P) x (%e)"=0.772

where d is the grain size, P is the phosphorus content and ¢ is the accumulated strain. For the present grade
of material, d is 50 pm and %P is 0.038. From the above equation, it can be found out that strain is 0.006
which is very low.

The observed effect of strain on the extent of grain boundary phosphorus segregation could possibly be
the result of some change in the localised diffusion activity or alteration in the type of diffusion path caused
by an increase in lattice energy as a result of an increase in the dislocation density. It must be emphasised
here that at this point of strain, the service conditions of these bolts should have caused the full equilibrium
amount of phosphorus to diffuse to the grain boundaries and thus embrittled the bolts.

5. Conclusions

Molybdenum which acts against temper embrittlement of low alloy steel must be in solution in the ferrite
phase for components which undergo long high temperature exposure. Mo basically scavenges the P from
the grain boundary and prevents embrittlement. To increase the effect of Mo, V is added. V which is a
strong carbide former delays the precipitation of Mo rich carbide. Thus, the removal of Mo from the ferrite
phase gets delayed by several thousands of hours and this reduces the susceptibility of the material to being
embrittled. Thus, the present case of failure is a case of delayed temper embrittlement of this grade of steel.

It is therefore recommended: to use low phosphorus steel; to use 2.25CrMoV steel; to replace the studs
after any one of the same batch has failed.
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