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ABSTRACT

Understanding the elevated temperature behaviour of materials is extremely important
for the efficient selection of materials for use in steam turbines, which require high
operating temperatures to achieve maximum efficiency.

In this study, an attempt to characterize the creep behaviour of three ASTM grade high
alloy steels to determine their suitability for use in various steam turbine applications
was made. The steels of interest were ferritic in nature and include a 12%CrMoV
stainless steel, a 1%CrMoV steel, and a steel suitable for nitriding. The testing
consisted mainly of creep tensile tests to determine the creep behaviour of these
materials at temperatures near the service temperature, which is approximately 538°C.
Other tests such as tensile and hardness tests were also performed to determine or
verify other material properties. Scanning and transmission electron microscopy and X-
ray analysis work were performed on as-received materials and ruptured creep
specimens. )

The results of the creep testing showed that the creep strength and oxidation resistance
of the 12%CrMoV steel was significantly greater than that of the two low alloy steels,
although the rupture ductility was significantly lower. The shape of the creep curve for
each steel was also well established. The rupture data was used to create a master
curve for each steel using time-temperature parameters. The Goldhoff-Sherby
parameter was used for the two low alloy steels, while the Larson-Miller parameter
proved 1o fit the stainless steel best.



Many particles were observable in the microstructure of these steels, which are most
likely carbide and nitride particles. The largest of these particles were examined using
EDX analysis and large amounts of chromium were found to be present, suggesting
that they are likely chromium carbides. Many smaller particles were also observable
which are likely vanadium nitrides, although they were too small for reliable EDX

analysis.
The creep behaviour of these steels under service conditions is not easily characterized

using data obtained from short term creep tests performed at much higher stresses

than would be seen in service.
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1. INTRODUCTION

1.1. Background

The development of materials to meet the specific needs of mankind has been an
ongoing process for thousands of years. The development of steel alloys for high
temperature applications in power generation plants is just a continuation of this
tradition.

Alloy steels have seen widespread application in power generation plants for many
years due to their relatively low cost and inherent strength. A whole genre of alloy steels
labelled heat-resisting steels has been developed for their ability to resist the effects of
high temperature, including oxidation and creep.

Creep is a term that describes the time-dependent plastic flow of materials under a
constant load. Creep is a very complex phenomenon that is controlled by a number of
mechanisms and is not fully understood. Although creep does not really affect most
metallic materials at room temperature, it is an important factor in high temperature
processes.

The creep behaviour of steels used for steam turbine applications is of great importance
due to the high operating temperatures to which these steels are subjected. Without a
good understanding of the mechanisms that are controlling the process of creep, the
selection of suitable materials is difficult.

In recent years, the desire of industry to improve the efficiency of power generation
plants has led to attempts to increase the operating temperature of the processes
involved. This has spurred the development of many new heat-resisting steels with
improved creep resistance, giving them the ability to be used at higher operating
temperatures.



1.2. Research Outline

1.2.1. Problem Definition

The creep behaviour of steels used for steam turbine applications is of great importance
due to the high operating temperatures to which these steels are subjected. Without a
good understanding of the mechanisms that are controlling the process of creep, the
selection of suitable materials is difficult.

Many heat-resisting steels have been developed for high temperature applications, and
the development of these steels has been focused on specific needs within the power
generation industry. One such specific niche is bolting steels, which are used for bolting
large flanges together as well as various other applications. The materials used for
bolting are of extreme importance as their failure can present a serious safety issue due
to high pressure steam leakage. Another small family of steels that have been
developed are the nitriding steels, intended for applications such as valve stems in
which an extremely hard surface is required.

Hitachi Canadian Industries Ltd. (HC!) currently utilizes several proprietary grade steels
developed by steam turbine manufacturers for bolting and nitriding purposes. These
steels are expensive and difficult to source. Major benefits would accrue from using
ASTM grade steels in place of these proprietary grade materials including:

1) material cost reduction, and

2) manufacturing cycle time reduction due to wider material availability.
However, the tack of high temperature creep data for ASTM grade steels has limited
their application.

Hitachi Canadian Industries is interested in the creep behaviour of three ASTM steels in
particular: A193 Grade B16, A355 Class A, and A437 Grade B4B. A193 Grade B16,
which is a 1%CrMoV low alloy steel, and A437 Grade B4B, which is a 12%CrMoW
martensitic stainless steel, are intended for high temperature bolting materials. A355
Class A is a low alloy CrMo steel with a 1% Al content developed for nitriding
applications.

A study of the creep characteristics of these steels was necessary, including a review of

literature to determine what creep test data were already available and to obtain an
understanding of the creep behaviour of steels in general. Based on the results of the



literature search, a test program would also be implemented to complement the test
data currently available.

1.2.2. Research Objectives

A literature review was conducted to determine the creep data available for these
specific steels and for chromium molybdenum alloy steels in general. Little information
was found on the specific ASTM grades under consideration although a significant
amount of data on the creep behaviour of related steels was uncovered. The three
ASTM grade steels under consideration were all developed for specific applications and
as a result have not seen widespread use.

A significant test program was needed to more thoroughly examine the creep behaviour
of the three ASTM grade steels of interest. Therefore, the objectives of this project are
mainly threefold:

1) To determine the high temperature creep characteristics of three ASTM grade
steels for the purpose of utilizing these materials for high temperature steam
turbine applications.

2) To identify the mechanisms which are controlling the creep behaviour of these
steels through analysis of creep strain data and observations of microstructural
characteristics prior to and after creep testing.

3) To identify materials that may have better high temperature creep
characteristics than those materials tested. Required characteristics for a new
material are superior creep performance, low cost, wide availability and high
machinability.

The possibility of finding materials that are more suited to the particular applications
than the three ASTM grade steels being studied should not be overtooked, and perhaps
such materials could be the subject of future testing.

1.2.3. Thesis Outline

This thesis contains five chapters pertaining to the research subject previously outlined.
The present chapter is an introduction to the thesis topic. A critical survey of the existing
theoretical and experimental works pertaining to the substance of the present topic is
presented in the second chapter. The third chapter contains a detailed description of
the experimental methods used in this investigation, while a discussion of the
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experimental results is presented in the fourth chapter. In the final section, the findings
from the study are summarized and recommendations for future work are advanced.



2. LITERATURE REVIEW

2.1. Creep

2.1.1. Background

Under the application of a load, most materials will instantaneously deform a certain
amount depending on their mechanical properties. At room temperature, many
materials will maintain the same amount of strain until the applied load is changed, at
which time the strain will instantaneously change proportional to the load. The strain
level will change very little even if the load is applied for a long period of time. However,
at higher temperatures, the material will continue to deform with time even though the
applied load is unchanged. This phenomenon is called creep and is demonstrated in
Figure 1, which displays curves of stress versus strain after various time intervals.
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Figure 1: The effect of stress and time on strain.!"

The curve for 0 hours is a normal stress-strain curve. However, as can be seen in
Figure 1, at a given level of stress the strain would continue to increase with time until
fracture occurs. The rate of strain increases with increasing stress.



Creep is greaily dependent on temperature and only becomes of any practical
significance at higher temperatures. However, the term "high temperature” is relative to
the material in question. Usually the melting point, T, is used as a reference
temperature and it is generally assumed that creep does not greatly affect mechanical
behaviour at temperatures below about 0.3 T, on an absolute scale. Therefore, many
materials such as plastics, ice and even lead experience creep at room temperature.
However, the melting point of most metals is significantly higher and thus most metals
are not influenced by creep until the temperature reaches a value considerably above
room temperature.

There are many factors besides temperature that influence the creep behaviour of a
material. As a result, the melting point of a material only provides a rough estimate of
the effect of creep at a given temperature. Some materials do not experience creep
until the temperature rises well above 0.5 T,,.

2.1.2. Stages of Creep

Creep tests are usually performed by measuring the strain as a function of time at a
given temperature and under a condition of constant load or stress. Under the condition
of constant load, three distinct stages of creep are often observed as shown in Figure 2.

tertiary
or final stage

primary :
' stage . secondarystage Tru pture
or steady state

strain

instantaneous elastic (+ plastic) strain

time

Figure 2: The three stages of creep.



The instantaneous strain is simply the sum of the elastic and plastic yielding that would
normally occur on the application of stress. The rate of strain does not remain constant
with time., The first stage is usually labeled primary or transient creep and is
characterized by a decreasing strain rate with time. The decrease in the strain rate is
caused by work hardening in the material. Secondary or steady state creep is
characterized by a constant strain rate, which results from a balance between work
hardening and recovery processes. Secondary creep is often of the most interest for
industrial applications as it usually lasts for a longer period of time than the other stages
of creep and the constant rate of strain allows for more accurate design assumptions.
The third and final stage is labeled tertiary creep and is terminated by rupture. Tertiary
creep involves an increasing strain rate caused by the growth of microcracks in the
* material. It is important to note that all three stages are not observed in all cases.

In most practical applications, in which the service temperatures and stresses are
relatively low, the amount of time required for metals to suffer significant deformation as
a result of creep is very large and can be measured in terms of years. The steady state
portion of the creep curve is of interest as it allows for the prediction of the life span of a
part based on the maximum permissible deformation. However, small changes in stress
and temperature can result in large changes in the steady state strain rate if the
mechanism controlling creep changes. '

2.1.3. Effect of Stress and Temperature

In general, the strain rate due to creep increases with increasing temperature and
stress. Creep deformation during the steady state regime is often described using the
Norton — Bailey relation

£ =Ac"exp{—%] (1)

where € = the steady state strain rate,
o = the stress,
Q = the activation energy for creep,
R = the universal gas constant, and
T = the absolute temperature.



A and n are coefficients which are used to describe the power law relationship of the
strain rate to stress. The second portion of the above expression is the Arrhenius
equation, which describes many thermally activated processes.

The activation energy of creep can be determined relatively easily by abruptly changing
the test conditions of a creep test from temperature T, to temperature T, while at a
constant stress. It has been observed that in many cases for pure metals the activation
energy of creep is similar to the activation energy of atomic self-diffusion as shown in
Figure 3.
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Figure 3: Activation energies of creep and atomic diffusion.”!

For alloys, the activation energy for creep is often the same as the activation energy for
atomic self-diffusion of one of the principal elements. From this relationship it can be
inferred that some of the mechanisms controlling creep are dependent on atomic self-
diffusion.

As can be seen from equation 1, the creep rate for a specific material at a constant
stress will increase as the temperature increases. This behaviour would be expected in
a process controlled by atomic diffusion. It should be noted that there are exceptions to
this rule such as in dispersion hardened materials.



If the temperature is held constant, in the majority of cases the steady state strain rate
will increase exponentially with increasing stress as described by the power law in
equation 1. The coefficient n varies between 3 and 8 for most pure metals and many
alloys although it is dependent on temperature as well. As the temperature approaches
the melting point, metals begin to act as a viscous liquid and n approaches 1.

At very high or very low stresses the power law relationship no longer applies. The
expression given above is quite limited as it only applies to secondary creep and the
power law coefficients must be determined for specific materials at specific
temperatures.

Many other expressions have been developed which attempt to describe the strain
during creep. These expressions usually apply to a specific stage of creep or are only
suitable for a specific set of conditions. An example is the expression

0. ¢ A O (w_
g="+ (1 e ]+m+K( 1) @)

where ¢ = the strain,
E = the elastic modulus,
t = time, and
o, m, and K = experimentally determined fitting parameters.”

This expression is very general and is applicable to all three stages of creep. However,
it does not distinguish metallic materials strongly hardened with second-phase particles
such as those due to precipitation or dispersion hardening.

2.1.4. Creep Mechanisms

Creep is a complex process that is the result of the interaction of a number of
mechanisms. The exact contribution of each of these mechanisms is not fully
understood and thus the creep behaviour of materials is not easily described by a single

equation.

However, there are two major mechanisms by which creep occurs ~ dislocation creep
and grain boundary sliding. These mechanisms become the important controlling factor
at different ranges of temperature and stress. The diagram shown in Figure 4 displays
how the controlling mechanism changes as temperature and stress changes.



At lower temperatures the controlling mechanism is dislocation creep. Dislocation creep
iS a process that occurs at the rate of atomic diffusion. Metals deform by the passage of
imperfections called dislocations through the material. When these dislocations hit
barriers or pile up, the deformation stops. At temperatures where creep occurs, these
dislocations will overcome these barriers through thermally assisted mechanisms such
as dislocation climb. As temperature increases and thus the rate of atomic self-
diffusion, the resistance to these transgranular failure mechanisms decreases. As a
result the creep strength of the material decreases as shown in Figure 4, thus
increasing the creep rate. The creep strength of a material is simply a general term
used throughout this thesis to describe the relative resistance of a material to the effect

of creep.
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Figure 4: Relative importance of creep mechanisms.")

However, as the temperature continues to increase, grain boundary sliding begins to
have a more dominant effect on creep. As can be seen in Figure 4, the resistance to
grain boundary sliding decreases at a greater rate than the resistance to dislocation
creep and the curves eventually intersect at some temperature. At low temperatures,
grain boundaries are a source of strength as they block the spread of dislocations.
However, at high temperatures grain boundaries may become a source of weakness.
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Grain boundary sliding tends to have a greater effect on creep at higher temperatures
and lower strain rates, whereas dislocation creep is of more importance at lower
temperatures and greater strain rates. This can aiso be seen in Figure 4 by comparing
two stress levels, o, and o.. As the stress is increased, the temperature at which the
mechanism changes tends to increase, which suggests that grain boundary sliding is
less likely to be a factor.

2.1.5. Creep Resistance

The ability of a material to withstand creep at high temperatures is affected by a number
of factors. One of the most obvious is the melting point of the material. A material with a
higher melting point will generally have greater creep resistance at any given
temperature.

The main metallurgical features that influence the creep resistance of a material are:
1) solid solution strengthening,
2) grain size,
3) crystal structure,
4) precipitation strengthening, and
5) dispersion hardening.

Work hardening will also increase the creep resistance in the initial stages of creep
especially at low temperatures. However, in the long term it may be detrimental to the
creep strength of a material due to the increase in the number of dislocations caused by
work hardening.

Solid solution strengthening is simply the addition of elements that form a single phase
with the parent material in the original crystal structure. The strengthening effect is a
result of the lattice strains caused by the introduction of atoms of different size into the
lattice structure.

The effect of grain size on the creep resistance is not fully understood and is somewhat
dependent on the creep mechanism at work. In a single-phase alloy, increasing the
grain size usually increases the creep resistance due to the smaller grain boundary
area, which is a point of weakness at higher temperatures. However, testing has not
conclusively shown that creep resistance is affected by grain size.
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The crystal structure affects the rate of atomic self-diffusion and thus has an influence
on creep resistance. In an otherwise identical material, a close packed structure such
as face centered cubic will have a much lower rate of diffusion than a body centered
cubic structure.

Precipitation strengthening and dispersion hardening are similar in that they both
involve the production of a fine matrix of particies of a different phase than the parent
material. This is often the most effective method of increasing creep strength.

Other factors may have an effect on the creep behaviour of a material as well although
the net change in creep resistance is likely to be small.

Figure 5 shows the relative creep resistance of a number of alloys for comparison. |t
can be seen that the 12%CrMoV steels have significantly better creep resistance than
the 1%CrMoV steels. This is a result of the solid solution strengthening and
precipitation strengthening effects of the additional alloying elements. Figure 5 also
shows that the nickel alloys display resistance to creep at much higher temperatures
than the steel alloys. However, they are much more expensive to produce and thus

their usefulness has been limited.
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2.2. Low Alloy Steels

As discussed in the previous section, the addition of alloying elements that provide solid
solution strengthening or precipitation strengthening is an important method for
improving the creep resistance of a material. Many different alloy steels have been
developed using these principles. Some of the most common are low alloy steels
containing chromium and molybdenum, which includes both the ASTM A193 Grade
B16 and ASTM A355 Class A steels. These steels have been used extensively in the
power generating and chemical industries for high temperature applications such as
boiler tubes, pressure vessels, piping, and bolting materials.*® These steels
demonstrate considerably better creep and oxidation resistance than plain carbon
steels. The 2.25%Cr-1%Mo and 1%Cr-0.5%Mo steels are among the most common of
these alloys. Vanadium has also been added to some of these low alloy steels in small
amounts generally between 0.2-0.3%. The effect of these elements on the creep
behaviour of steel is discussed in the following section.

2.2.1. Major Alloying Additions

Although the creep resistance of plain carbon steels is relatively good, it can be
improved considerably by the addition of certain alloying elements. The main alloying
elements used in low alloy steels are chromium, molybdenum, and vanadium.

2.2.1.1. Chromium

Chromium is typically added to steel to improve corrosion resistance, although it also
provides a strengthening effect. By itself, chromium provides some increase in creep
resistance through solid solution strengthening. However, it has been observed that
when used in conjunction with molybdenum, chromium tends to reduce the creep
resistance compared to an alloy containing only molybdenum.®”! An example of the
effect of chromium on the creep behaviour of a 0.5%Mo steel is shown in Figure 6.

As can be seen in Figure 6, the addition of chromium caused an increase in the strain
rate or a decrease in the creep resistance. This is a due to a reduction in the initial
interstitial solute level and succeeding leve!l of precipitate particles. Chromium tends to
precipitate more rapidly than the molybdenum compounds thus limiting the nucleation
of Mo,C and Mo;N particles which tend to reduce the creep rate. However, chromium is
often added to increase the rupture ductility compared to that of steel containing only
molybdenum.
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Figure 6: Effect of chromium content on creep of 0.5%Mo steel.”

There appears to be an optimum chromium content beyond which no significant
increase in creep resistance will occur®™ This point is a function of the amount of
molybdenum in the steel. For steel containing 1%Mo, the optimum chromium content is
about 2.25%, which explains the evolution of the 2.25%Cr-1%Mo steel mentioned
earlier. For steel with a 0.5%Mo content, a chromium content beyond about 2% may

result in a loss of creep resistance.
2.2.1.2. Molybdenum

The addition of molybdenum to steel can produce a material with excellent creep
resistance but the rupture ductility may be affected. Molybdenum increases the creep
strength initially through solid solution strengthening. However, as aging occurs,
molybdenum carbides and nitrides precipitate along grain boundaries and within the
grains themselves. These precipitates block the movement of dislocations thus
providing a strengthening effect. Precipitation strengthening then becomes the principal
strengthening mechanism.™

2.2.1.3. Vanadium

Vanadium is added in very small amounts (less than 0.1%) to steels to control grain
size. However, in larger concentrations it also has a significant effect on creep
resistance. Vanadium increases creep resistance predominantly through precipitation
hardening. The vanadium compounds take significantly longer to precipitate and show
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significantly more resistance to overageing than the molybdenum compounds.®® In the
tertiary creep stage, the molybdenum precipitate particles tend to become coarser, or
overage, eventually negating their strengthening ability. Vanadium is important for long-
term creep strength, as it is not as susceptible to overaging. The addition of vanadium
to a 2.25%Cr-1%Mo steel has also been shown to result in a material with improved
resistance to hydrogen attack, hydrogen embrittiement, and temper embrittlement,
which are other elevated temperature phenomena related to creep.

2.2.2. Minor Alloying Additions

Many other elements are present in small amounts in alloy steels that can influence
their creep resistance.

2.2.2.1. Nitrogen

Nitrogen is an important element as it results in the formation of molybdenum nitride
and vanadium nitride compounds, which help to precipitation strengthen low alloy steels
thereby increasing their creep strength. Nitrogen is also a significant contributor to solid
solution strengthening initially, but obviously this effect diminishes as precipitation
occurs. As would be expected, studies have shown that increasing the amount of
nitrogen reduces the creep rate as seen in Figure 7.
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Figure 7: Effect of nitrogen content on creep of 0.5%Mo steel.™

2222  Carbon

The influence of carbon content on the creep resistance is obviously of interest as
carbon is always present in steels in various amounts. Increasing the carbon content
actually results in an increase in the creep rate as shown in Figure 8. This is partially
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due to the fact that the initial levels of interstitial solutes decrease as the carbon content
increases although this difference disappears by the end of primary creep.® The reason
for the decrease in secondary creep strength with increasing carbon content is not fully

understood.
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Figure 8: Effect of carbon content on creep of 1%Mo steel.””!

Obviously, some carbon is required to form the carbide precipitates that are essential
for the long-term creep strength of low alloy steels but the amount needed is very small.
In general, the carbon content is between 0.1% and 0.4% in most of these alloys.

2.2.2.3. Phosphorous

Phosphorous has a negative effect on the strength of steels in general and is
considered an impurity in steels. The phosphorous content is generally minimized as
much as is economically feasible., The presence of phosphorous is also believed to
reduce the creep resistance of alloy steels, mostly by promoting the development of
coarse carbides that are less effective in precipitation strengthening. It has been shown
that phosphorous in a 2.25%Cr-1%Mo steel promoted the precipitation of MsC carbides
at the expense of dispersions of finer M,C carbides."""! Another study found a much
higher concentration of large M;C particles in a 1%CrMoV steel to which 0.1%P had
been added compared to high purity material, which contained fine MC and M.C
carbides.!"?

A more recent study examined the effect of adding 0.02%P to a 1%Cr-1%Mo-0.75%V
steel doped with 0.08%Ti"¥ There was little observable difference between those

steels containing additional titanium and phosphorous and those with only titanium. The
carbide composition of the steel doped with phosphorous seemed to shift somewhat
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towards greater molybdenum content compared to the purer steel, which contained
vanadium-rich carbides. The additional phosphorous appeared to have no effect on the
size of the carbide precipitates.

2.2.3. Effect of Heat Treatment

Heat treatment can have a large effect on the microstructure of a low alloy steel and
thus can influence the creep resistance. In general, bainitic structures have the best
creep resistance while pearlitic structures have the worst creep resistance. Figure 9
illustrates the effect of initial microstructure on the creep strength of a 2.25%Cr-1%Mo
steel, Obviously, an initial heat treatment that produces a completely bainitic
microstructure is optimal for high creep strength.
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Figure 9: Typical creep curves for 2.25%Cr-1%Mo steel with different initial

microstructures.”

Whether isothermal transformation or normalizing produces greater creep strength than
a quenching and tempering treatment is unclear. It would seem that specimens that
undergo isothermal transformation tend to experience higher creep rates while
specimens that are quenched and tempered appear to have a shorter creep life.’®*®

It is clear that tempering seems to reduce the overall creep life and reduces long-term
creep strength. This is most likely due to the fact that some precipitation occurs during
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tempering so that precipitate particles tend to age more rapidly during creep and
coarsen to the point where they no longer enhance creep resistance sooner. The
contribution of solid solution strengthening to the overall creep strength of a tempered
specimen is minimal even in the initial stages of creep, as the precipitation
strengthening contribution becomes dominant much earlier. These observations are
illustrated in Figure 10.
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Figure 10: Creep strengthening contributions.I”?

These transient effects obviously become less important at lower stresses such as
those seen in service. The creep life is much longer and the impact of the initial heat
treatment and microstructure is minimal when compared to the total creep life.

2.2.4. Creep Behaviour

Creep is a very complex phenomenon that is controlled by a number of mechanisms,
most of which are not fully understood. Unfortunately, the creep behaviour of alloys is
even more complex than that of pure metals.
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2.2.4.1. Stages of Creep

As discussed in Section 2.2, the creep behaviour of many materials is characterized by
three distinct stages, which differ with respect to the derivative of the strain rate. For
most pure metals, the second stage of creep, which displays a constant strain rate, is
dominant. However, this is untrue for many alloys, which may have a very short
secondary stage or may be missing it altogether.

A study which attempted to create isochronous, or constant time, stress versus strain
curves for a 2.25%Cr-1%Mo low alloy steel from a compilation of stress-rupture data
from many sources found that the tertiary creep stage commenced at very low
strains.I'l. Another source examining the mechanisms of creep behavior for the same
low alloy steel also reported a prominent tertiary creep region as shown by the typical
creep curves in Figure 9. These curves display a region of continuously increasing
creep rate, which extends over a major portion of the creep life.

The strain rate tends to increase for much of the creep life of low alloy steels due to the
coarsening of the precipitate particles that provide much of the creep strength of these
steels. For CrMo steels, the optimum creep strength is derived from a uniform
distribution of fine needle-like Mo,C carbides, which can be achieved by a suitable heat
treatment. However, Mo,C is not a thermodynamically stable carbide and during creep
it eventually transforms to coarser carbides such as MzCs or MgC, which are not as
effective in resisting creep.!! These carbides also coarsen with time until eventually
they are ineffective and provide no precipitation strengthening. A similar process affects
the vanadium compounds that occur in the low alloy steels containing vanadium.
However, these compounds are more resistant to coarsening than those of
molybdenum or chromium.

The precipitation and coarsening of precipitate particles is enhanced by creep and is
not simply a high temperature aging process. The precipitation of MxC particles in
specimens of a 1%Cr-0.5%Mo steel subjected to a creep stress at 560°C was observed
to be significantly greater than in specimens aged at the same temperature in the
absence of stress.!'®!

2242 Creep Mechanisms

It has been observed that the creep behavior of low alloy CrMoV steels can be divided
into two distinct regions based on the magnitude of the applied stress in which two
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different mechanisms appear to be operating. Figure 11, which displays the stress
dependence of the creep rate and the time to fracture for a 0.5%Cr-0.25%Mo0-0.25%V
steel, demonstrates this behaviour.
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Figure 11: Stress dependence of a) creep rate, and b) time to fracture, for CrMoV steel.['?

The specimens used in this study were taken from a steam tube that had beeh
subjected to creep in service and had undergone plastic strain of approximately 1%.
Condition E denotes specimens tested in the as-received condition. Condition R
denotes specimens subjected to a regenerative austenitizing heat treatment with the
goal of restoring the pre-service microstructure.

In this study and others examining low alloy CrMoV steels, the stress exponent for the
secondary creep phase in the low stress region was found to be n = 5, while at higher
stresses, n = 11.1'% |t is important to note that the secondary creep phase refers to the
portion of the creep curve with the minimum creep rate and may not be steady state.
The change in the stress exponent would indicate that the mechanism controlling creep
changes at a critical stress. Above this critical stress, the creep strength increases as
the interparticle spacing decreases, or the number of precipitate particles increases.
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Below this critical stress, the interparticle spacing was found to have little effect on the

creep strength.

Examination of the microstructure of fracture specimens revealed that transgranular
fracture was predominant in the high stress region, while intergranular fracture
prevailed at low stresses. The main obstacles to dislocation creep, which is
characterized by transgranular fracture, are obstructions such as precipitate particles.!'”!
This explains the dependence of creep strength on interparticle spacing at high
stresses.

It is believed that intergranular cavities are nucleated due to grain boundary sliding at
geometrical irregularities where high local stress concentrations can develop. The
. fraction of grain boundaries with observable grain boundary sliding and the mean
displacement due to grain boundary sliding were measured for the 0.5%Cr-0.25%Mo-
0.25%V steel mentioned earlier. The results are displayed in Figure 12 and show that
grain boundary sliding increases as the stress decreases.
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Figure 12: Stress dependence of the fraction of grain boundaries, ks, with observable
grain boundary sliding, and the mean displacement due to grain boundary sliding."'®

21



From Figures 11 and 12 it appears that the critical stress which corresponds to the
transition between dislocation creep and diffusion creep {or grain boundary sliding) is
approximately 200 MPa for this steel. Under the normal service conditions of these
steels, diffusion creep would likely be the controlling mechanism.

Another elevated temperature phenomenon which must be considered is embrittlement,
or more specifically, reverse temper embritiement. Elements in the fourth, fifth and
sixth main groups in the periodic table such as phosphorous and sulfur, which are found
as trace elements in steels, are the main contributors 10 this process. Reverse temper
embrittlement is an ageing process similar to creep which was found to occur at a
maximum rate between 450 and 460°C in a 1%Cr-0.02%V steel.'¥ The presence of
molybdenum and a low impurity content reduce the embrittiement rate considerably.

2.3. Martensitic Stainless Steels

The addition of large amounts of chromium to steel has long been used to improve the
corrosion resistance of steels. However, the high alloy content of stainless steels also
provides them with much greater creep resistance than plain carbon steels. Stainless
steels are often used for applications that require greater resistance to high temperature
oxidation than low alloy steels can provide.

There are several classes of stainless steels but only tempered marntensitic stainless
steels are considered in this thesis. Tempered martensitic stainless steels generally
have a chromium content between 9 and 12% and are characterized by a martensitic
microstructure, which differentiates them from ferritic stainless steels. Ferritic stainless
steels generally have similar chemical compositions but contain less nickel so they do
not form martensite upon quenching from the austenitic range. Tempered martensitic
stainless steels often contain smaller amounts of other elements as well such as
molybdenum and tungsten.

As their name suggests, tempered martensitic stainless steels are quenched from the
austenitic range to form martensite, and then tempered to reduce internal stresses. The
microstructure after tempering consists of martensitic lath subgrains, with fine
precipitate particles at subgrain boundaries.

Tempered mariensitic stainless steels are less expensive than austenitic stainless
steels, which have a high nickel content to stabilize the austenite phase at low
temperatures. Tempered martensitic stainless steels are preferred for many
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applications in the power generation industry because of their lower cost and lower
coefficient of thermal expansion compared to austenitic stainless steels.ll

2.3.1. Major Alloying Additions

Tempered martensitic stainless steels are similar in composition to most low alloy CrMo
steels except that they contain a much larger amount of chromium for improved
corrosion resistance. Tempered martensitic stainless steels derive their creep
resistance from two main sources:
1} the solid solution strengthening effects of certain elements, and
2) precipitation strengthening caused by the precipitation of fine carbide
and nitride particles.

2.3.1.1.  Solid Solution Strengthening

Most tempered martensitic stainless steels have a chromium content between ¢ and
12%, as this appears to provide the best combination of creep strength and oxidation
resistance. Higher levels of chromium tend to result in the formation of &-ferrite, which is

undesirable.”® Chromium mainly provides solid solution strengthening.

Molybdenum has traditionally been added to tempered martensitic stainless steeis to
provide solid solution strengthening, which accounts for much of the inherent creep
strength of these steels.’*® Tungsten also contributes to solid solution strengthening
and is used in addition to molybdenum in many steels.?'?? The molybdenum equivalent
is given by '

Mo equivalent = %Mo + %2 %W (3)

and the optimum level is around 1.5%.%% For a given Mo equivalent level, increasing
the tungsten content results in an increase in creep strength.”¥ However, a tungsten
content of 1.8% is optima! as the strengthening effect is near maximum at this level and
increasing the amount of W beyond this point results in significant loss in toughness.
Increasing the W content also leads to the formation of Laves phase, which consists of
coarse precipitate particles of Fe.(Mo,W).

The effect of Laves phase on creep strength is a subject of some disagreement. One
study found that the continuous precipitation of this phase in a 11%Cr-0.15%Mo-
2.6%W-0.2%V steel provided intergranular precipitation strengthening and was an
important factor in maintaining high creep strength 251 However, formation of the Laves
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phase also results in a reduction of the amount of molybdenum and tungsten in solid
solution thus decreasing the solid sclution strengthening effects of these elements.
Another study found that Laves phase precipitation reduces the creep rupture life by
about a factor of two compared to the effects of precipitate particle coarsening.®

2.3.1.2.  Precipitation Strengthening

Much of the creep resistance of tempered martensitic stainless steels is derived from
the precipitation of fine particles throughout the microstructure. Some of these
precipitates are formed during heat treatment. However, the microstructure of tempered
martensitic stainless steels continues to evolve during service under the influence of
temperature and stress. More precipitates form which provide much of the long-term
creep life of these steels. These precipitates increase creep strength by blocking the
movement of dislocations and retarding subgrain growth. Eventually the growth of both
subgrains and precipitate particles results in the degradation of the creep strength and
eventual failure.

Molybdenum forms carbides that contribute to precipitation strengthening. Vanadium is
also often added as it forms fine nitride particles which are much more stable than
molybdenum compounds. A small amount of niobium of approximately 0.06% has been
found to aid in the formation of a small volume fraction of carbides that are even more
stable and can result in a significant strengthening effect.’””

One of the main precipitates in martensitic stainless steels is the Mx;Cg carbide. The M
represents metal and can be filled by chromium, iron, molybdenum, or tungsten. These
precipitates form on subgrain boundaries during tempering and increase creep strength
by retarding subgrain growth.

Another common precipitate produced during tempering is the MX phase, which
consists mainly of vanadium, niobium, and nitrogen. These particles precipitate within
subgrains, both during tempering and during creep, and increase creep strength by
pinning down free dislocations. These precipitates are very fine and have excellent
thermal stability, and thus play an important role in the long term creep strength of

martensitic stainless steels.?®

Other phases such as M.X and M:X have much lower thermal stability and are
considered undesirable, as they interfere with the distribution of the MX phase. The
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addition of vanadium, niobium, and nitrogen in stoichiometric ratios necessary to form
MX phase is known to increase creep strength for this reason.’?®

Other phases such as Laves phase and Z-phase begin to precipitate during long-term
ageing or creep. Laves phase, Which was mentioned earlier, contains molybdenum and
tungsten, and its effect on creep strength seems unclear. Studies have found that
Laves phase precipitates improve creep strength. However, it is known that these
phases coarsen relatively rapidly and thus their creep strengthening effect may be
limited in the long term. Z-phase has only been observed in specimens subjected to
long term creep exposure in the order of 10 000 hours or more, and contains high
concentration of chromium and vanadium. This phase may affect the stability of
chromium rich Mx;Cs and VN particles.™

2.3.1.3. Other Elements

The addition of small amounts of boron has been observed to improve creep strength
and ductility in austenitic steels although the strengthening mechanism is not fully
understood. Boron has also been added to some tempered martensitic stainless steels
in concentrations of around 0.01%.% One study found that a large percentage of the
boron in a 12%Cr steel tended to be concentrated in MxCe particles.®" This
phenomenon has also been observed in austenitic steels although its significance is

unknown.

Cobalt is known to reduce the formation of 8-ferrite and thus has been added to some
steels with high chromium content. Cobalt also is thought to provide solid solution
strengthening in concentrations up to 3%.2%

The addition of nickel as an alloying element to martensitic stainless steels results in a
decrease in creep resistance and can reduce long term microstructural stability.
Howaever, it is added at a level below 1% to delay transformation during cooling to allow
a complete martensitic microstructure to form upon quenching. At times it is desired for
applications requiring a lower impact transition temperature than that provided by
regular ferritic steel. Increasing the nickel content also reduces the temperature of
transformation to austenite and increases the tempering resistance. Figure 13 shows
the effect of nicke! content on the creep strength of a 12%Cr-Mo-V-Nb steel.®d The
creep strength decreases as the nickel content increases.
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Figure 13: Effect of nickel content on creep strength of FV448 at 450°C.1*%

The use of dispersion hardening techniques can provide even greater creep resistance
than those techniques already mentioned and can be effective at temperatures as high
as 700°C. One study showed a significant increase in creep strength in a 13%Cr-
1.5%Mo steel when titanium was added due to the formation of TiQ, oxides.®

2.3.2. Creep Behaviour
2.3.2.1. Creep Mechanisms

Tempered martensitic stainless steels such as ASTM A437 Grade B4B are complex
alloys that display similarly complex creep behaviour. Many pure metals and simple
alloys have a very pronounced secondary creep region characterized by a steady state
strain rate. However, most tempered martensitic stainless steels have an insignificant
secondary phase or none at all, and the majority of the creep deformation occurs in the
tertiary region of accelerating strain rate. This behaviour was observed for
12%CrMoV®, 9%CrMoVI®), and 9%CrwW steels.® The microstructure of these steels
continues to evolve during creep, which results in decreasing creep strength with time.

Tempered martensitic steels are heated into the austenite range and then liquid
quenched to form martensite. These steels are then tempered at a temperature
somewhat above the expected operating temperature to relieve some of the internal
stresses caused by the transformation to martensite and to increase the ductility and
toughness. The initial microstructure of these steels after the tempering treatment is

26



characterized by tempered martensite laths with coarse MxCs precipitate particies at
subgrain boundaries.?5%% There are usually finer MX or MpX precipitates as well both
at grain boundaries and within the grains themselves.”**”! The composition of these
fine precipitates depends on the overall composition of the steel. The majority of these
precipitates are usually VN particles. V. Foldyana et al state that MzX particles form at
tempering temperatures below 700°C while at higher temperatures the MX phase is
preferred.*®

The effect of these precipitate particles is to prevent movement of subgrain boundaries,
to impede knitting reactions between free dislocations and subgrain boundaries, and to
pin subboundary dislocations, thus providing a strengthening effect.*®!

Under the influence of stress and temperature during service, the microstructure of
these steels continues to evolve. The degradation of the creep strength with time is
mainly due to the coarsening of both subgrains“®? and the precipitate particles
themselves.*!! The coarsening of carbides is dependent on both stress and
temperature, and will occur at a greater rate if either stress or temperature is increased.
The coarsening of carbides is theorized to cause cavity generation once a critical
carbide size is reached as it weakens the interface between the carbide and matrix.*?

Similar to low alloy steels, the creep behaviour of most tempered martensitic stainless
steels appears to be controlled by two different mechanisms at high and low stress.
This behaviour was observed for Grade P92, a 9%Cr-0.5%Mo-1.8%W-0.02%V sieel, as
can be seen in Figure 14.
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Figure 14; Secondary creep rate as a function of applied stress for P92 42
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The stress exponent, n, in the lower stress region was found to be 6, while at higher
stresses it increased to 16. Another study found that the stress exponent decreased
from 6.8 to a lower value at stresses below 90 MPa for a 12%CrMoV steel !

2.3.2.2. Effect of Qxidation

Oxidation must also be considered for many service applications. Corrosion in steam
and combustion gas environments was found to lead to a significant decrease in creep
strength due to loss of wall thickness for Grade P92 steel.”® Figure 15 displays the
predicted effect of oxidation on various wall thicknesses in long term service for this

steel.
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Figure 15: Stress rupture strength at 600°C for P92 taking into account effect of oxidation

in simulated coal combustion environment.[**}

As can be seen in Figure 15, 12%CrMoV steel has a significantly lower creep strength
than Grade P92. However, in corrosive environments this difference may be negated
due to the considerably better corrosion resistance of 12%Cr steels.
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2.4. Life Prediction

Prediction of the life of materials undergoing creep deformation is a topic of great
practical interest as it aids in the design of parts which will be subjected to high
operating temperatures. These methods are also useful for the assessment of the
remaining life of parts in service. Many different life prediction methods have been
developed.

2.4.1. Time-Temperature Parametric Methods

The most common life prediction methods utilize a time-temperature parameter such as
the Larson-Miller, Sherby-Dorn, or Manson-Haferd parameters. These methods use
data obtained from creep rupture tests at different stresses and temperatures to obtain
a master curve of stress plotted versus the fore-mentioned parameters. These master
curves are then used to estimate long-term rupture strength.

2.41.1. Larson-Miller Parameter

The Larson-Miller Parameter, which was one of the first time-temperature parameters
developed and one of the most commonly used, has the form of

P,_y =T(logt+C) (4)

where T = temperature (K),
t = rupture time (hours), and
C = a constant with a value around 20.

This parameter was developed based on the Arrhenius equation mentioned earlier,
which assumes that creep is governed by rate-process theories. The parameter states
that for a given stress the time to rupture is related to temperature by the above
equation.

The originators of this parameter assert that the value of the constant, C, is
independent of stress.*" This can be seen if log t is plotted against the reciprocal of the
absolute temperature for constant stress. The result should be a straight line, which
crosses the ordinate when 1/T =0, or log t = -C. As shown in Figure 16, which contains
a number of constant stress curves for the same material, the point at which the curves
cross the ordinate is the same for all stresses. The value of the constant, C, can then
be determined for a given material by creating a number of constant stress curves as
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shown. The point at which these curves cross the ordinate is equal to the value of the
constant. Note that the axis of log t is inverted.
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Figure 16: Constant stress curves for Larson-Miller parameter.l*]

Once the value of the constant C is determined, a master curve can be created by
plotting the stress versus the Larson-Miller parameter for each test performed. Using
this curve, long term rupture times at low temperatures may be predicted from short
term test data at higher temperatures.

A value of 20 for the constant C is typical for many materials, and in the absence of
sufficient test data to allow the determination of this constant for a particular material,
this value may be used without introducing significant error in many cases.*

2.41.2.  Other Parameters

Many other time-temperature parameters have been developed in attempts to address
the shortfalls of the Larson-Miller parameter or to apply parametric methods to other
materials.
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The Manson-Haferd parameter is given by the expression

_logz-logt,

5
on =g (5)

which predicts that a constant stress plot of log t versus T vields a family of straight
lines which converge at a point as shown in Figure 17. The coordinates of this point
represent the values of the constants, log s and T, for that particular data set.
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Figure 17: Constant stress curves for Manson-Haferd parameter.!*!

The Goldhoff-Sherby parameter is similar, except that it uses the inverse of the
absolute temperature as the Larson-Miller parameter does. The parameter

_logt—logt,

ST yYr-yT, ©

predicts that a constant stress plot of log t versus 1/T should yield a family of straight
lines which converge at a point, much like the Larson-Miller parameter. However, the
point of convergence will not occur on the ordinate axis as shown in Figure 18, and the
coordinates of this point will represent the values of the constants, log ta and 1/Ta.
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Other time-temperature parameters include the Ménson-Succop and Orr-Sherby-Dorn

models.

2.4.1.3. Shorifalls of Parametric Methods

Time-temperature parametric methods are often used to predict long-term creep life
from short-term rupture tests. However, these methods often predict optimistic values
for creep life for alloy steels due to their microstructural instability.”*®!

The relationship between stress and time to rupture is very complex for alloy steels.
After long-term creep deformation, strengthening effects depending on microstructural
morphology, such as precipitation strengthening, lose their effectiveness and eventually
disappear. For very long creep times, the inherent creep strength of alloy steels may
then become the dominant factor that determines the remaining creep strength.*”)
Short-term creep strength is very dependent on composition and the resultant
microstructure. However, the inherent creep strength is much less dependent on
microstructure and as shown in Figure 19, is very similar for steels with varying
compositions.
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Figure 19: Creep rupture strength for 11 types of ferritic steels."”)

The plot of stress versus the Larson-Miller parameter in Figure 19 shows that low alloys
steels that display a wide scatter in terms of their short-term creep life have a tendency
to converge to a narrow range in long term creep. Even the 12%Cr-1%Mo-1%W-0.3%V
steel, which has better short term creep rupture strength, displays a fairly abrupt
decrease so that its inherent creep strength appears to be very close to that of the low
alloy steels. The modified 9%Cr-1%Mo steel appears to be an exception but its
excellent long-term creep strength is due to its better microstructural stability. The
inherent creep strength of ferritic steels results in a relationship between stress and
rupture time that displays sigmoidal inflection, which makes it difficult to predict long
term creep life from short term data using parametric methods.

Another study, which assessed the creep rupture strength of three tungsten-alioyed 9-
12% Cr steels, found that using the Larson-Miller parameter led to an overestimation of
long-term creep rupture strength.'*®! The reason for this is the microstructural instability
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of these steels. The microstructure of these steels will change considerably during
creep, and is dependent greatly on time and temperature. This suggests that the
premise of the Larson-Miller parameter that time and temperature can be considered
interchangeable cannot be applied realistically to these steels.

2.4.2. QOther Methods

Other life prediction methods that use a numerical basis have also been developed in
an attempt to more closely predict the life of alloys steels, such as the initial strain
method."?

Many mathematical models of creep, which attempt to describe creep behaviour in one
or more of its stages, also have application to life prediction. The 6-projection model has
been widely used within the power generation industry and its basic equation is given
by

e =6,(1-¢* }+0,{* -1) (7)

where € = creep strain,

0, = uniaxial parameters, and

1 =time.
The 8 parameters are determined from a series of uniaxial creep tests and are stress
dependent. The creep rate can be obtained by differentiating Equation 7 and this model
can also be extended to a multiaxial case. The 8-projection model does not give the -
value of strain to failure but different criteria have been used such as assuming failure
to occur when the creep rate is x times the minimum creep rate.®”

A recent study by Yokobori et al developed a master curve for the life prediction of
CrMoV steel.®' The master curve, which was developed for smooth, notched and
precracked specimens, is shown in Figure 20. The data for smooth specimens and
notched specimens are multiplied by 0.4 and 4, respectively.
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Figure 20: Experimental data plotted against the ratio of stress applied time, t, to creep

fracture life, t,.*"

The fracture life can be determined from this curve if the creep deformation is known in
creep under any applied stress and temperature.

2.5. ASTM A193 Grade B16

2.5.1. Background

Many different low alloy CrMo steels have been developed. However, steels containing
vanadium are less common. Vanadium is added to these steels to produce VN
precipitate particles, which are finer than those produced by Cr and Mo. These finer
particles are more stable and more effective in precipitation strengthening.

ASTM A193 Grade B16 is a low alloy CrMoV steel that was developed as a bolting
material for high-temperature service. The composition of this steel, which is given in

Table 1, is similar to the classic CrMoV steel.
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Table 1: Composition of ASTM A193 Grade B16.5%

Element C Mn P S Si Cr Mo vV

% 36-47 | 45-70 ) <035 | <.040 | .15-35 | .B80-1.15 [ .50 -.65 | .25-.35

The heat treatment for A193 Grade B16 is as follows:
1) immediately after rolling or forging, the material is to be allowed to
cool to a temperature below the cooling transformation range,
2) uniformly reheated to a temperature between 925 and 954°C,
3) oil quenched, and
4) uniformly reheated for tempering to a temperature not less than
650°C.

2.5.2. Creep Data
2.5.2.1, Data Available

As stated earlier, CrMoV low alloy steels are less common than CrMo steels that do not
contain vanadium, such as ASTM A193 Grade B7. As a result, available creep data are
more plentiful for plain CrMo steels. No creep data for ASTM A193 Grade B16 was
found.

However, the National Research Institute for Metals (NRIM) in Japan is gathering iong-
term creep and rupture data for heat resisting steels in the Creep Data Sheet Project.®
One of the materials being examined is a 1%Cr-0.5%Mo0-0.25%V steel for bolting
applications which is similar to ASTM A193 Grade B16.5* Creep rupture data for up to
10,000 hours and short-time tensile properties are available and the results were
published in Creep Data Sheet #44 in 1997. An attempt to obtain these results is
ongoing.

As well, a master creep curve was found for a 1.25%Cr-0.5%Mo-V steel in the open
literature on the elevated-temperature properties of chromium-molybdenum steels ' A
limited amount of creep rupture data for this steel is also available from the same

source.

A large amount of creep data is available for plain CrMo steels such as the 1%Cr-
0.5%Mo and 2.25%Cr-1%Mo steels.
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2.5.22. Analysis of Data

A master curve and creep rupture data to 1000 hours for several low alloy steels was
found in the ASTM Special Technical Publication mentioned in the previous section. A
comparison of the 1.25%Cr-0.5%Mo-V steel with a 1.25%Cr-0.5%Mo steel and a
2.25%Cr-1%Mo steel provides some inéight into the creep behaviour of CrMoV steels.

The short term creep strength of the 1.25%Cr-0.5%Mo-V steel and the 1.25%Cr-
0.5%Mo steel are quite similar. Figures 21 and 22 contain the curves predicting rupture
in 1000 hours as a function of stress and temperature for these two steels.

The amount of stress required to cause rupture in 1000 hours for these two steels is
very similar for any given temperature. At a service temperature of 538°C (1000°F), the
CrMoV steel could withstand approximately 33 ksi for 1000 hours while the CrMo steel
would handle about 30 ksi. Obviously these values are only estimates but they display
the comparative creep strength of these steels. The CrMoV steel is in the as-cast
condition. The creep strength of the CrMo sieel in the as-cast condition appears in
general to be lower than that of annealed stock.
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Figure 21: Rupture in 1000 hours, 1.25%Cr-0.5%Mo-V steel ™

In short term creep, the addition of vanadium may provide some additional creep
strengthening although it is not a significant amount. For lower stresses and longer
testing times, the CriMoV steel would likely display considerably better creep strength
than the CrMo steel due to the greater stability of the vanadium precipitates.

Surprisingly, when the 1000 hour rupture curve for the 2.25%Cr-1%Mo steel is
examined it appears to offer less creep strength than the 1.25%Cr-0.5%Mo steel. For a
temperature of 538°C (1000°F), the curve would predict that a stress of approximately
23 ksi would result in failure in 1000 hours.
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Figure 22: Rupture in 1000 hours, 1.25%Cr-0.5%Mo steel.’™

2.6. ASTM A355 Class A

2.6.1. Background

Surface nitriding of steels is performed to provide a material that has a high surface
hardness yet still displays good ductility and toughness. ASTM Standard A355 was
written for very specific steels that have optimal properties for surface nitriding. All of
these steels have a significant amount of aluminum added to form nitride precipitates,
which provide the hardening effect. The composition of ASTM A355 Class A is given in
Table 2.
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Table 2: Composition of ASTM A355 Class A.[®

Element C Mn P S Si Cr Al Mo

Y% 38-43[.50-70| <.035 | <.040 | .15-35 | 1.40-1.80 | .95-1.30 | .30-.40

All A355 steels are to be liquid quenched and then given a tempering treatment not
lower than 600°C to produce a fine spheroidized structure.

2.6.2. Creep Data

As discussed earlier, a significant amount of creep data is available for low alloy CrMo
steels. However, no information was found for steels with a high aluminum content
similar to ASTM A355 Class A. The effect of this addition on the creep behaviour is
uncertain. As well, it is likely that the tempering time required to form the spheroidized
bainitic microstructure specified would be longer than the tempering treatment given to
most steels. This could have a large effect on the creep behaviour of the material as a
significant amount of ageing may already have occurred before the material is put into
service.

CrMo steels with such a combination of chromium and molybdenum are also
uncommon. Most low alloy CrMo steels with no vanadium content tend to have
compositions similar to either 1%Cr-0.5%Mo or 2.25%Cr-1%Mo steels. However, a
master creep curve was found for an annealed 1.25%Cr-0.5%Mo steel in an ASTM
publication on the elevated-temperature properties of chromium-molybdenum steels.”™
A limited amount of creep rupture data for this steel and a 1.75%Cr-0.5%Mo steel is
also available from the same source.

2.7. ASTM A437 Grade B4B

2.7.1. Background

ASTM A437 Grade B4B is a tempered martensitic stainless steel designed for turbine-
type bolting materials that is specially heat treated for high-temperature service. The
composition of this steel is given in Table 3.
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Table 3: Composition of ASTM A437 Grade B4B.[5"]

Element C Mn P S Si Ni Cr Mo

% 20-25] 50100 | <025 | <.025 | .20-50 | .50-1.00 | 11.0-125 | .90-1.25
Element ' W Al Ti Sn

% 20-30 [ .90~-125 | <05 | <.05 | <.04

The heat treatment for A437 Grade B4B is as follows:

1) material to be heated to a temperature between 1025 and 1050°C,

2) liquid quenched to below 316°C,

3) uniformly reheated for tempering for a minimum of 2 hours at a
ternperature at least 55°C higher than the proposed operating
temperature but not less than 620°C, and

4) air or furnace cooled to room temperature.

2.7.2. Creep Data

2.7.2.1. Available Data

ASTM A437 Grade B4B is a specialized steel designed for bolting applications only,
and no creep data for this specific steel were found. However, this steel is very similar
in composition to AlISI Type 422 steel for which a significant amount of creep
information is available. The only difference in composition is that the Type 422 steel
has slightly higher chromium content than the A437 Grade B4B steel.

The ASTM Data Series Publication DS 59 contains creep rupture data for AlSI Type
422 steel.*® However, most tests recorded had a duration of less than 1000 hours and
none exceeded 10 000 hours. As well, there is litlle data on the secondary creep rate.

The NRIM Creep Data Sheet Project also has published creep data for similar steels.®

A 12%Cr-1%Mo-1%W-0.25%V steel for bolting applications is being tested in
conjunction with the low alloy bolting steel mentioned in the previous section. Creep
Data Sheet #44, which was published in 1997, contains creep rupture data up to 10 000
hours and shori-time tensile properties for this steel. As well, a 12%Cr-1%Mo-1%W-
0.3%V steel for turbine blade applications is also being tested. This steel is
manufactured according to JIS Standard SUH 616-B, which is similar to ASTM A437
Grade B4B.® Creep Data Sheet #10B, which was published in 1997, contains creep
rupture data for up to 100 000 hours, as well as minimum creep rates, short-time tensile
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data, and evaluation of short-time tensile strength and long-term creep rupture strength.
An attempt to obtain these data sheets is ongoing.

Much of the current testing being performed centers on 9%Cr steels such as Type P92,
which is similar to A437 Grade B4B but has a 2% W and 0.5% Mo content. There is a
significant amount of recent creep data available for these steels, as much of the recent
development work has been related to these steels.

2.7.2.2. Analysis of Data

The creep rupture data available for AISI Type 422 in ASTM DS 59 demonstrate a
considerable increase in creep strength compared to the low alloy steels discussed in
Section 6.2. The 1000 hour creep rupture curve for this steel predicts that a stress of
about 55 ksi would cause failure for a service temperature of 1000°F .58 The short term
creep strength of 12%CrMoWV would appear to be almost double that of the low alloy
steels.

The creep strength of Type 422 is also significantly greater than that of 12%Cr steels.
Creep rupture data for these steels would suggest that a 12%Cr steel could withstand
only about 25 ksi for 1000 hours at 538°C (1000°F). Obviously, the solid solution
strengthening of molybdenum and tungsten and the precipitation strengthening of
molybdenum and vanadium provide a considerable increase in creep resistance as
expected.

12%CrMoWV tempered martensitic steels are especially desirable for their excellent
oxidation resistance. They also demonstrate better creep resistance than most alloy
stesls.

2.8. New Developments

Chromium molybdenum steels are commonly used in many steam turbine applications
because of their excelient elevated temperature behaviour and relatively low cost
compared to other steels or alloys with similar creep performance. Chromium-
molybdenum steels have evolved over the last century and the addition of various
alloying elements such as vanadium and tungsten has resulted in improved creep
resistance and stability. Much of the current research is focused on the development of
improved 9-12% Cr tempered martensitic stainless steels.
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The efficiency of steam turbines is greatly dependent on their operating temperature.
However, increasing the operating temperature requires either increasing the amount of
material used or else using materials with greater creep resistance. There are
economical and functional limits on the thickness of parts; therefore the search for
materials with improved behaviour at high temperatures continues. Current
developments are aimed at producing materials capable of withstanding operating
temperatures in excess of 600°C.

Austenitic steels offer similar or better creep strength than tempered martensitic steels
but they are more expensive and have higher coefficients of thermal expansion, lower
thermal conductivity and higher susceptibility to stress corrosion cracking.® As a result
of these limitations, the demand for improved tempered martensitic stainless steels still
exists.

Much of the current development involves finding the optimum concentration of the
various elements that provide creep strengthening effects. The effect of adding less
common elements such as boron and titanium in small amounts is also being studied. A
new grade of 9.5%Cr martensitic stainless steel has been developed which contains a
uniform dispersion of titanium carbide precipitates formed in austenite prior to
martensite transformation.®"! These carbides are very small and have high
thermodynamic stability, and thus result in very high creep strength. Steels containing
up to 3% palladium have also been studied, which contain fine FePd based precipitates
labelled o"®? These precipitates have been shown to be stable even after aging at
700°C, thus providing creep strengthening at temperatures considerably higher than
any power generation plants currently operate at.

Another important factor in the creep strength of tempered martensitic stainless steels
is the heat treatment they receive prior to service due to the effect of microstructural
evolution, which occurs both during the heat treatment and during service. As a result,
research to determine the most suitable tempering treatment is also being attempted.
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3. EXPERIMENTAL METHODS

3.1. Materials

Three alloy steels were obtained representing the three ASTM grades discussed in the

previous section.

ASTM A193 Grade Bi16 was obtained from CSC, Warren, OH through Castle Metals,
Toronto, ON as 25.4 mm (1 in.}) diameter barstock. Nitralloy 135G Modified, which
corresponds to ASTM A355 Class A, was obtained from Crucible Materials Corporation,
Camillus, NY as 31.75 mm (1.25 in.) diameter barstock. Carpenter 636, which is
equivalent to ASTM A437 Grade B4B, was obtained from Carpenter Technology
Corporation, Reading, PA as 2857 mm (1.125 in.) diameter barstock. For the
remainder of this thesis, these materials will often be referred to using the applicable
standard number only, such as A355.

The material test sheets for these materials are in Appendix A.

3.1.1. Creep Tensile Specimens

Cylindrical threaded-end creep tensile specimens were machined from each steel
grade. These specimens were manufactured in accordance with ASTM E139-96 with
the dimensions shown by the drawing in Figure 23. Shoulders were machined on each
specimen at either end of the gauge length to allow the attachment of an extensometer
for strain measurement purposes.

The gauge length of each test specimen was polished in a lathe using emery paper to
improve the surface finish. The final surface roughness was achieved using 600 grit

paper.
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Figure 23: Creep test piece dimensions.

The specimens were color coded at the time of machining according to the barstock
from which they were machined. At the time of testing, each test specimen was further
identified using a two digit alphanumeric code. The first digit was a number between 1
and 6 corresponding to the original color coding, as shown in Table 4. The second digit
was a letter assigned at the time of testing to differentiate the specimen from other
specimens machined from the same barstock.

Table 4: Code used for Barstock ldentification

Code | Material Barstock
1 ASTM A355 Class A Black
2 Green
3 ASTM A193 Grade B16 Grey
4 ASTM A437 Grade B4B Prime
5 Red
6 Yellow

Using Specimen 2C as an example, the '2' would indicate that the specimen was
machined from the green coded barstock of ASTM A355 Class A, and the 'C' would
denote the fact that it was the third specimen tested from that particular barstock.

3.1.2. Low Temperature Tensile Specimens

Cylindrical threaded-end tensile specimens were also machined from each steel grade.
These specimens were manufactured in accordance with ASTM E8-98 and the
dimensions were: overall length = 152.5 mm, gauge length = 50 mm, and gauge
diameter =12.5 mm.
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3.2. Experimental Test Procedures

The major portion of the experimental testing undertaken in this project was creep
testing of the three steel grades already mentioned. However, a number of other tests
were also performed for verification of material properties and to aid in understanding
the high temperature behaviour of the steels under consideration.

3.2.1. Creep Testing

Creep testing was carried out according to standards ASTM E139-96, JIS Z 2271, and
JIS Z 2272, All tests were constant load tensile tests at elevated temperatures.

3.2.1.1.  Experimental Setup

" Ten Satec M3 creep frames, as shown in Figure 24(a), were used to carry out all tests.
These creep frames consisted essentially of a tensile load application mechanism and a
furnace. A data acquisition system monitored the tests and recorded measured data. A
schematic diagram of the creep testing apparatus is shown in Figure 24(b).

The load was applied through a 10:1 lever arm ratio, and an automatic load levelling
system maintained the load as the specimens lengthened during creep testing. Three
Type R thermocouples were used in each furnace to monitor temperature. The junction
of each thermocouple was coated with a ceramic paste to provide a good insulating
barrier. Each furnace contained three elements, and three corresponding PID
controliers. The temperatu'res measured by the thermocouples were relayed to the
controllers and to the data acquisition system.

Five of the creep frames were equipped with extensometers and SLVC sensors for
measuring specimen strain during creep. The extensometers attached to the shoulders
at both ends of the gauge length of each specimen. As the specimen deformed during
creep, the SLVC sensor measured the change in distance between the specimen
shoulders, or the change in the specimen gauge length. Each extensometer was also
equipped with a dial gauge for manual verification of the SLVC sensor strain
measurements.

All ten creep frames were equipped with digital clocks which measured the test time
from when the load was applied until each test was terminated due to rupture or manual
shutdown.
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Figure 24: a) Satec M3 creep frames, and b} Schematic diagram of creep testing
apparatus.
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The tests performed using the extensometer equipped creep frames will be referred to
as creep tensile tests. The tests performed using the other frames will be called stress
rupture tests, as the only information obtained was time to rupture.

The data acquisition system used was called the LinkPac Data Acquisition and Contro!
System for Creep and Stress-Rupture Testing designed for use with the Satec M3
creep frames. The system consisted of a Pentium computer and a LinkPac Model F16
Automation and Control Station. LinkPac software installed on the computer was used
to monitor all ten creep frames, provide real time reports of temperature and strain, and
record temperature and strain data in text files at regular intervals for each test.

A strip chart recorder was used to provide a backup record of temperature and strain
data for each test. A backup power supply was connected to the computer and strip
chart recorder to maintain data acquisition in the event of a power failure.

3.2.1.2. Experimental Procedure

Two measurements of the gauge diameter were taken at three locations along the
gauge length of each specimen. The diameter was recorded as the average of the
diameters at all three locations according to JIS Z 2271 and JIS Z 2272.

Each creep tensile specimen was then washed with methanol and attached to the
specimen couplers. This assembly is called the load train. The threads of each
specimen and associated couplers were coated with high temperature "anti-seize" to
prevent oxidation and seizure during testing. ‘

If the specimen was intended for creep tensile testing, an extensometer was then
clamped to the specimen shoulders. The threads of the small extensometer bolts were
also coated with "anti-seize". The three Type R thermocouples were then attached
directly to the specimen using 80%Ni-20%Cr thermocouple wire at the locations shown
by the arrows in Figure 25.
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The entire assembly was then installed in the creep frame. Once the pertinent test data
such as specimen diameter, test temperature, and applied load is entered into the
LinkPac software, the test is ready for commencement.

The furnace controllers were set to a ramp output to bring the specimen temperature up
to 50°C below the test temperature at a rate of 7°C per minute. ASTM E139-96
specifies that the ramp rate must be such that the time to reach the test temperature is
greater than one hour. The temperature was allowed to stabilize and then the furnace
controllers were set to PID control. The specimen temperature was then slowly raised
to the desired test temperafure.

According to ASTM E139-96, the indicated temperature is not to exceed the nominal
test temperature by more than 2°C at any time before the load is applied or for the
duration of the test. The LinkPac software was set to terminate a test if the indicated
temperature exceeded this limit.

Once the specimen temperature reached the desired test temperature, the specimen
was allowed to soak for at least 16 hours before the load was applied to allow
equilibrium conditions to be reached. Upon fulfilling the required soak time, the
prescribed load was applied to the specimen, at which point the clock started recording
the elapsed test time.

The LinkPac software was set to record the specimen strain at every 0.01% strain
interval. Any change in the specimen temperature was also recorded.
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Manual strain readings from the dial gauge and SLVC sensor were taken prior to the
start of each test and then on a daily basis thereafter to provide a basis for assessing
the validity of the results.

Upon specimen rupture, the furr{ace automatically turned off and was allowed to cool to
room temperature. After cooling, the furnace was opened and the specimen removed.
The two halves of the ruptured specimen were placed back together and the gauge
length and total length of the specimen were measured.

3.2.1.3. Test Schedule

A test schedule was developed to provide a basis for performing individua! tests. The
proposed schedule contained tests at three different temperatures from 538°C {1000°F)
to 649°C (1200°F). The goal was to perform tests with rupture times varying between
56 hours and 3200 hours for the purpose of constructing a Larson-Miller master curve
for each steel. The proposed test schedule is shown in Table 5.

Table 5: Proposed {est schedule.

Temperature Life {hr)

(°C) (°F) 18 32 56 180 320 560 1800 3200
538 1000 1 1 1 1 1 3 1 1
593 1100 1 1 1 1 1 1 1 1
649 1200 1 1 1 1 1 3 1 1

The schedule also made provision for assessing the repeatability of the test results
through multiple tests at a rupture time of 560 hours for at least two temperatures for
each steel.

The stresses required to obtain the proposed rupture times were estimated from rupture
data available for similar steels. A Larson-Miller master curve created from creep test
data for 1.25%Cr-0.5%Mo-V steel published in the ASTM Special Technical Publication
No. 151, mentioned in Section 2.5, was used to estimate the required stresses for
A193.%5 Similar master curves for 1.25%Cr-0.5%Mo and 2.5%Cr-0.5%Mo steels
contained in the same publication were used for A355. Since no data was available for
steels with the same chromium and molybdenum contents as A355, stress values were
estimated using the average value obtained from the two master curves. Stress rupture
data provided by Carpenter Technology Corporation was used to estimate test stresses
for A437.
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3.2.1.4. Verification of Thermocouples

A Type K thermocouple was used to verify the temperatures measured by the Type R
thermocouples. The Type K thermocouple was calibrated using an Ectron 1100
thermocouple simulator calibrator.

The Type K thermocouple was then attached to a creep specimen between the top and
middie Type R thermocouples prior to installing the specimen in one of the creep
frames. A test was then carried out according to the standard procedure. At
approximately twenty four hours after the test load was applied to the specimen, the
temperature displayed by the Type K thermocouple and the three Type R
thermocouples was recorded. This procedure was repeated for each creep frame.

3.2.2. Tensile Testing

Room temperature tensile testing was performed on all three steels fo verify material
properties. The low temperature tensile specimens were tested at room temperature
using a standard Instron testing machine at a strain rate of 5 mm/min. Tensile strength
and percent elongation were calculated in accordance with ASTM E8-98. The percent
elongation was based on an initial gauge length 6f 50 mm marked on the undeformed
specimens. Load-extension curves were recorded by means of an autographic device
attached to the Instron machine.

3.2.3. Hardness Measurements

Hardness testing was performed on alf three steels in the as-received condition to verify
material properties. Slices cut from the original barstock were metallurgically polished
using 6 micron diamond paste. Hardness testing was also performed on representative
creep tensile specimens after rupture. Slices cut from the gauge length cross section of
ruptured specimens were metallurgically polished using 6 micron diamond paste.

Vickers microhardness measurements were then carried out on the polished surfaces
using a Buehler Micromet Il microhardness tester with a direct load of 500 g applied for
11s.

At least twelve microhardness measurements were taken at various points in the cross
section. Eight of these measurements were taken just inside the outer circumference as
the surface hardness was of most interest. Hence, the results cited in this work are the
average values from such multiple measurements.
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The absolute hardness value was obtained according to the following equation:

HY = 135452— (8)

where HV = Vickers hardness,
F = test load (g), and
d = arithmetic mean of the two diagonals d1 and d1 (um).

The hardness values obtained using the Vickers microhardness test were converted to
equivalent Brinell hardness values for comparison with various standards. The Brinell
hardness conversions were based on a 3000 kg load with a 10 mm ball indenter.

3.2.4. Metallography

Scanning electron and transmission electron microscopy was used to examine
microstructural characteristics and fracture surface morphology.

3.2.4.1. Scanning Electron Microscopy

Fracture surfaces of ruptured creep specimens were examined using a PhillipsXL30
ESEM scanning electron microscope in order to characterize the fracture mode and any
fine scale features on the fracture surface. The fracture surfaces were removed from
the ruptured creep specimens using an abrasive diamond saw.

Pieces of the original barstock and slices cut both transversely and longitudinally from
ruptured creep specimens using an abrasive diamond saw were polished to 1 um.
These samples were then examined using a Jeol JSM-53800LV scanning electron
microscope. EDX analysis was performed on these samples using Oxford Instruments
INCA Suite 1.02 software in order to characterize the chemical composition of any
intermetallic compounds observable. Some fracture surfaces were also examined using
this microscope for the purpose of performing EDX analysis on observable particles.

3.24.2. Transmission Electron Microscopy

Thin foils of ruptured creep specimens were examined using a Jeol JEM-2000FX
transmission electron microscope in order to characterize the controlling creep
mechanisms and microstructural features.

The procedure used to produce the thin foils was as follows. The outside diameter of a
ruptured creep specimen was reduced to 3 mm, Slices approximately 0.2 mm in
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thickness were then cut from the specimen using a low speed diamond saw. Each slice
was then polished to a thickness of approximately 0.12 mm using 600 grit emery paper.
Electropolishing of the thin foils was accomplished using a solution of 90% perchloric
acid and 10% glacial acetic acid at 20 V and 288 K.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

Three alloy steels were examined in this study. A presentation of all test resuits and a
discussion thereof will be given for each of these steels.

4.1. Verification of Material Properties

The three steel alloys purchased for testing purposes are purported by their
manufacturers to satisfy the requirements of the applicable ASTM standard. Several
tests were performed on these steels in the as-received condition to verify that their
material properties and chemical composition do indeed meet the ASTM standard.

41.1. ASTM A193 Grade B16

4.1.1.1. Composition

Spectrochemical analysis was performed to verify the chemical composition of each
steel. The results of the analysis for the steel purchased as ASTM A193 Grade B16,
along with the reported chemical composition, are presented in Table 6.

Table 6: Spectrochemical analysis of ASTM A193 Grade B16.

Element C Mn S P Si Cu Ni Cr Vv Mo Al
{wi%) | (wi%) | (wi%) | (widt) | (wid) | (wid%) | (wid%) | (widb) | (wi%e) | (wide) | (wi%h)
Test Results | 0.38610.530]0.018|0.015]0.235(0.181|0.155]0.831|0.277 | 0.49510.007

Reported 0.42 | 0.53 {0.016|0.017]| 0.22 [ 0.16 | 0.16 | 0.93 | 0.28 | 0.52 | 0.003

The results showed that the composition of this steel was in accordance with the
requirements of the ASTM standard, as previously listed in Chapter 2.

41.1.2. Tensile and Hardness Properties

Tensile and hardness tests were performed on all three materials under consideration
to examine their mechanical properties at room temperature. The results of these tests
for A193 are shown alongside the requirements of the ASTM standard in Table 7.
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Table 7: Tensile test results for ASTM A193 Grade B16.

Property 0.2% Offset Ultimate Reduction Brinell
Yield Strength  Tensile Strength  Elongation of Area Hardness,
(MPa) (MPa) (%) (%) max
ASTM Standard I 725 860 18 50 321 HB
Test Resuits 925 974 22.6 58.0 279 HB

This steel met all of the mechanical requirements of ASTM Standard A193 Grade B16,
although the tensile strength of the material was significantly greater than required.
4.1.2. ASTM A355 Class A

4.1.2.1. Composition

The results of the spectrochemical analysis for Nitralloy 135G Modified, which was
purchased as an equivalent to ASTM A355 Class A, along with the reported chemical
composition, are presented in Table 8.

Table 8: Spectrochemical analysis of Nitralloy 135G Modified.

Element C Mn S P Si Cu Ni Cr Mo Al
{Wt%) | (wt9) | (wit%s) | (wWt%) | (wie) | (wit%s) | (witZe) | (wide) | (wid%) | (wi%)

Test Resuits | 0.367 [ 0.6600.016]0.010]0.283]0.165|0.185] 1.621 | 0.384 | 0.600

Reported 0.38 | 067 10.014|0.009| 0.27 | 0.17 | 018 | 1.75 | 0.35 | 1.16

All elements were present in the amount required by the ASTM standard, as previously
listed in Chapter 2, except for aluminum. ASTM A355 Class A calls for an alumihum
content between 0.95 and 1.30 weight percent, yet the spectrochemical analysis results
showed an aluminum content of only 0.6% in the steel tested. The manufacturer
reported that the aluminum content was much higher at 1.16%, which is within the
range required by the ASTM standard.

4.1.2.2. Tensile and Hardness Properties

The results of the tensile and hardness tests for Nitralloy 135G Modified are shown in
Table 9.

Table 9: Tensile test results for Nitralloy 135G Modified.

Property 0.2% Offset Ultimate Reduction
Yield Strength  Tensile Strength  Elongation of Area Brinell
{(MPa} (MPa) {%) {%) Hardness
Reported | 726 902 21.2 60.4 269 HB
Test Results 740 B96 24.0 57.4 266 HB
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ASTM A355 Class A has no mechanical requirements listed except that the Brinell
hardness must fall within the range of 223 to 269 HB. The Nitralloy 135G Modified
satisfies this requirement. The mechanical properties of the steel tested also appear to
conform closely to those claimed by the manufacturer.

4.1.3, ASTM A437 Grade B4B

4.1.3.1. Composition

Carpenter 636 is reported by its manufacturer to meet the requirements of ASTM A437
Grade B4B. The results of the spectrochemical analysis performed on this steel are
shown in Table 10.

Table 10: Spectrochemical analyses of Carpenter 636.

Element C Mn S P Si Ni Cr v Mo w Cu Al

(Wi%) | (WI%) | (W1Te) | (Wie) | (W) | (wih) | (wih) | (Wi%) | (WiTe) | (Wi%) | (wi%) | (wi%s)

Test Results |0.219{0.729|<.005]0.019]0.337|0.905]11.30]0.234 [ 1.090] 1.140]0.100| 0.023

Reported 0.21 1 0.73 |0.001)|0.014| 0.33 | 0.85 {11.82| 0.22 | 1.09 | 1.03

The results showed that the composition of this steel was in accordance with the
requirements of the ASTM standard, as previously listed in Chapter 2.

4.1.3.2. Tensile and Hardness Properties

The results-of the tensile and hardness tests performed on the Carpenter 636 steel are
displayed in Table 11.

Table 11: Tensile test results for Carpenter 636.

Property 0.2% Offset Ultimate Reduction Brinell
Yield Strength  Tensile Strength  Elongation of Area Hardness,
(MPa) {MPa) (%) (%) max
ASTM Standard 720 1000 13 30 331 HB
Test Resuits | 845 996 20.6 56.7 298 HB

The tensile test and hardness test results seem to show that the steel tested had
slightly lower strength and greater ductility than would be expected. A decrease in
tensile strength is very likely to be mirrored by a decrease in creep strength.
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4.2. Creep Testing Results

The primary focus of this project was 1o characterize the high temperature behaviour of
the three alloy steels under consideration. The principal method used to achieve this
goal was creep testing at elevated temperatures. Half of the tests were performed as
creep tensile tests in which the strain as a function of time was measured. The
remaining tests were stress rupture tests in which the only measured parameter was
time to rupture.

The time to rupture results of all tests will be presented first, followed by the results of
the creep tensile tests.

4.2.1. ASTM A193 Grade B16
4.2.1.1. Stress Rupture Results

The time to rupture was measured for all tests from the time the load was applied to the
specimen until the time when fracture occurred. These results are presented graphically
for the A193 steel as a function of stress in Figure 26. A summary of all tests performed
can be found in Appendix B.

As would be expected, the time to rupture tended to decrease as the applied stress or
the test temperature was increased.

When compared with the stress rup{ure data for a 1.25%Cr-0.5%Mo-V steel, the A193
steel demonstrated similar creep strength at 538°C. At higher temperatures, the A193
steel appeared to suffer a considerable loss in creep strength compared to the
published data. However, due to the severe oxidation that occurs at these higher
temperatures, these steels should not be used in service at such temperatures. The
application of the master curve to these higher temperatures may therefore have
resulied in error.

Three tests were performed at the same stress level at both 538°C and 649°C to
assess the repeatability of the tests. These tests can be observed in Figure 26. The
difference between the shortest and longest rupture times, expressed as a percentage
of the average of the three rupture times was 29.8% at 538°C and 29.1% at 649°C.
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Figure 26: Stress rupture results for ASTM A193 Grade B16.
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421.2. Creep Tensile Resulis

Much more can be learned about the creep behaviour of these steels from those tests
for which the strain was measured as it changed with time. The whole creep curve can
be analysed rather than just the final point. Since these steels will seldom see rupture in
service, the earlier stages of the creep curve are of great importance.

The strain is plotted as a function of time for Specimen 3M in Figure 27(a), which
represents a typical creep curve for this steel. Specimen 3M was subjected to an
applied stress of 190.8 MPa. As can be seen, the tertiary region is very prominent as
might be expected for these steels. The primary stage is very short and can be seen
much more clearly if only the first 600 hours is plotted, as shown in Figure 27(b). The
presence of a secondary stage, in which the strain rate is constant, is not well defined.
It almost appears as if the strain rate decreases to a minimum point and then begins to
increase again. The point at which the minimum strain rate is reached appears to be
between 200 and 400 hours.

The creep curves of other specimens tested at 538°C are very similar. The only
observable difference is in the amount of instantaneous strain that occurs, which
increases as the applied load increases. This can be seen by comparing the creep
curve for Specimen 3A, which was subjected to an applied stress of 246.3 MPa and is
shown in Figure 28, with that of Specimen 3M, which was loaded to 190.8 MPa and is
shown in Figure 27(a).

If the strain rate in the secondary stage, or minimum strain rate, is determined for each
test at 538°C, and plotted as a function of stress, it appears to follow a power law
relationship as shown in Figure 29. The exponent of the power law relationship, usually
signified by the letter n, has a value of approximately 7.5.

The general shape of the creep curve does not appear to be affected by temperature
either. This can be seen by comparing the two creep curves in Figure 30, which are for
a specimen tested at 593°C and a specimen tested at 649°C, with the creep curves
displayed in Figures 27 and 28.
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Although the general shape of the curves is the same, it is interesting to note the
difference in the total strain reached at rupture. The total elongation of the specimen
tested at 593°C was approximately the same as the total elongation of the specimens
tested at 538°C. However, the amount of strain at rupture for the specimen tested at
649°C was approximately double that of the other specimens shown.

4.2.1.3. Elongation at Rupture

The elongation of each specimen was measured after rupture and the results were
plotted as a function of stress in Figure 31. Although there is a large amount of scatter
present in the elongation results, general trends can be observed.

It seems that there is a trend towards increasing elongation at rupture as the
temperature is increased, although the difference in elongation between specimens
tested at 538°C and those tested at 593°C is minimal. However, as noted in the
previous section, there appears to be a fairly dramatic increase in elongation at rupture
for those tests performed at 649°C compared to tests performed at lower temperatures.

From the data available, it is not possible to determine if there is any correlation
between total elongation at rupture and applied stress. Although there may appear to
be a slight trend towards increasing elongation at rupture as the stress is decreased
within a given temperature band, the amount of scatter present in the data precludes

one from making this conclusion.

The increase in elongation at rupture at 649°C seems to be accompanied by a
significant increase in oxidation as well. Those specimens tested at 649°C displayed
massive scaling on their surfaces after rupture resuiting in significant material loss. The
increase in temperature seemed to increase the rupture ductility of these specimens
dramatically, aithough not without a significant loss in creep strength as demonstrated
by the stress rupture data.

4.21.4, Master Curve

The rupture data obtained for this steel did not show good fit with the Larson-Miller
time-temperature parameter. In order to use this parameter, the family of straight lines
produced by creating a constant stress plot of log t versus 1/T should converge on the
ordinate. However, as shown in Figure 32, the constant stress curves for the A193 test
data converged significantly before the ordinate.
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Figure 31: Elongation at rupture as a function of stress for ASTM A193 Grade B16.
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However, this pattern is typical of the Goldhoff-Sherby parameter. The point of
convergence (Ta, ta) defines the optimum constants for this particular data set.

An attempt to fit the data to other time-temperature parameters did not prove
successful. The Manson-Haferd parameter predicts that the constant stress lines on a
plot of log t versus T should converge at some point (Ta, ta). The constant stress lines
for the A193 test data diverge.

The Orr-Sherby-Dorn parameter is good for data for which the constant stress lines on
a plot of In t versus T are parallel. However, the constant stress lines for the A193 test
data converge, as would be expected when considering that the constant stress lines
on a plot of log t versus T also converge, making this parameter ineffectual for
modelling the data as well.

Using the Goldhoff-Sherby parameter to model the A193 test data, the values of the
constants T, and ta were determined to be 975 K and 0.5 hours, respectively. A master
curve was then piotted using this parameter as shown in Figure 33.

A master curve was also plotted using the Larson-Miller parameter as shown in Figure
34 for comparison with available data. A value of 20 was used for the constant as it has
been used with reasonable success for the majority of steel alloys.!

Longer term test data is needed to provide more confidence in the master curves
produced. Scatter contained in the test data may account for the poor fit with the
Larson-Miller parameter. '

4.2.2. ASTM A355 Class A

4.221. Stress Rupture Results

The test results of A355 display similar creep strength to that of A193. A graphical
summary of the stress rupture results for A355 is shown in Figure 35. More detailed
information for each test performed is contained in Appendix B.

Multiple tests were performed with the same applied stress at 538°C and 593°C as can
be seen in Figure 35 and the results were even better than for A193. The difference
between the shortest and longest rupture times, expressed as a percentage of the
average of the three rupture times, was 21.4% at 538°C and only 2.9% at 593°C.
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4.2.2.2. Creep Tensile Results

The creep curves of the A355 specimens tested seem to closely mirror those of the
A193 steel, with the tertiary region being very prominent. A plot of strain as a function of
time for Specimen 1D, which was subjected 1o an applied stress of 190.7 MPa, is
shown in Figure 36(a). This specimen was tested at the same temperature and same
stress as Specimen 3M, the creep curve of which was shown in Figure 27 with the
creep tensile results for A193. As can be seen, the two curves are very similar although
the rupture time of Specimen 1D is 170 hours shorter.

The first 600 hours of the creep curve of Specimen 1D are shown in Figure 36(b) and it
can be seen that again it is difficult to identify a secondary stage that is truly steady
state.

However, the minimum strain rate was determined approximately and it was found to be
about 35% greater than the minimum strain rate of Specimen 3M. This is a fairly
representative example of the relative creep strength of these two steels. In general, the
creep strength of A193 was found to be somewhat greater than that of A355, as
demonstrated by the increased strain rate and shorter rupture time.

The minimum strain rate was determined for all specimens tested at 538°C and plotted
as a function of stress as shown in Figure 37. This steel appears to follow a power law
relationship as well with the exponent, n, having a value of approximately 4.5. This
value is significantly lower than that determined from the test data for A193.

The shape of the creep curve changes little if the temperature is increased, as shown
by the plot for Specimen 2L displayed in Figure 38, although the total strain at rupture
has almost doubled.
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4.223. Elongation at Rupture

Again, it is interesting to note the effect of temperature on the amount of elongation that
occurs before rupture. Figure 39 contains a plot of the total elongation at rupture for
each specimen as a function of applied stress. As observed for A193, there appears to
be a general trend towards an increase in elongation at rupture as the temperature is
increased.

Aithough the scatier in the data is fairly significant, the data might also suggest that the
amount of elongation at rupture tends to increase as the applied stress is decreased.
As with A193, it appeared that for those tests performed at 649°C, there was a stress
below which the total elongation at rupture increased significantly, accompanied by a
similar increase in oxidation.

4.224. Master Curve

Similar to A193, the test data for A355 did not produce constant stress curves that
converged at the ordinate on a plot of log t versus 1/T thus making it impossible to
determine the value of the constant, C, of the Larson-Miller parameter for this particular
data set. The constant stress curves converged significantly before the ordinate as
shown in Figure 40, at approximately the same point as the constant stress curves for
the A193 data. The constants, (Ta, ta), for the Goldhoff-Sherby parameter determined
from the point of convergence thus had the same values as for A193, 975K and 0.5
hours, respectively.

The Goldhoff-Sherby parameter was then used to create a master curve for the A355
test data as displayed in Figure 41.

A master curve was also created using the Larson-Miller parameter with a constant of
20. This curve is shown in Figure 42.

The use of these curves for estimation of rupture time should be approached with
caution due to the small amount of data used to create them. Longer term data would
increase the level of confidence in these curves.
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42.3. ASTM A437 Grade B4B

The A437 steel is significantly different than the other two steels studied due to its high
chromium content, which makes it a stainless steel. The creep strength and oxidation
resistance are correspondingly much greater.

4.2.3.1. Stress Rupture Results

Stress rupture data up to 10 000 hours was provided by Carpenter Technology
Corporation for the Carpenter 636 steel, which corresponds to A437. A Larson-Miller
master curve was created from this data, which was then used to estimate the required
stresses for the creep tests for this steel. The rupture times for all the tests performed in
this study are thus shown in Figure 43 along with the estimated rupture time for each
test based on the stress rupture data provided.

The agreement between the test results and the rupture data provided by Carpenter
was fairly good for those tests with longer rupture times. However, it seemed that the
difference between the two often became very iarge as the time to rupture decreased.
This is very noticeable for those tests performed at 538°C and 649°C with rupture times
of one hundred hours or less. This discrepancy may be partially due to the inability of
the Larson-Miller parameter to provide a good estimate of creep strength in that range.
However, it would appear that the very short term creep strength of the steel tested was
somewhat less than that suggested by Carpenter.

Again, the repeatability of these tests appeared 10 be better than that of A193. Tests
were repeated at the same stress level at both 538°C and 649°C and the difference
between the shortest and longest rupture times, expressed as a percentage of the
average of the three rupture times, was 23.4% at 538°C and only 11.2% at 649°C.
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4.2.3.2. Creep Tensile Results

As might be expected considering the substantial differences between A437 and the
other two steels examined in this study, the shape of the creep curve for A437 is
somewhat different from those shown earlier. A plot of strain as a function of time for
Specimen 4K, which is displayed in Figure 44(a), shows a typical creep curve with three
fairly distinct stages observable. The primary stage is still quite short and the tertiary
stage is still very prominent, but the secondary stage is much more pronounced. The
secondary stage appears to be at least as long as the tertiary stage if not longer,
depending on what is defined as the onset of tertiary creep.

The steady state portion of the curve is shown in Figure 44(b), and the strain rate can
be determined by finding the slope of the line. The steady state strain rate was
determined for each specimen tested at 538°C and plotted as a function of applied
stress as shown in Figure 45.

It is interesting to note that the slope of the line, which is equal to the value of the
exponent, n, in the power law, appears to change at around 380 MPa in Figure 45. The
value of n changes from approximately 5 to around 2.5. This would seem to indicate a
change in the controlling mechanism of creep.

The creep curve of Specimen 4J, which was tested at 649°C, is contained in Figure 46
and it can be seen that the basic shape of the curve is unchanged from that of
Specimen 4K.

The total elongation of Specimen 4J is not significantly greater than of Specimen 4K
either, which is a departure from the behaviour observed earlier for the A193 and A355
steels.
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4.2.3.3. Elongation at Rupture

When the elongation at rupture for each specimen tested is plotted as a function of
stress for the A437 steel, it can be seen that there is no dramatic change as the
temperature is increased. Figure 47 shows that the trend towards increasing elongation
at rupture as the temperature is increased observed for A193 and A355 may not hold
true for this steel. The average elongation at rupture does increase slightly at 649°C
compared to 538°C although it is not a large increase, and the average elongation at
rupture actually drops slightly at 593°C compared to 538°C.

The elongation at rupture is significantly lower overall for this steel compared to the
other two as would be expected considering its greater strength and lower ductility.

4.2.3.4. Master Curve

The conditions predicted by the Larson-Miller parameter held true for the stress rupture
data for A437. The constant stress curves on a plot of log t versus 1/T actually
converged at the ordinate at a value of approximately -30 as seen in Figure 48. The
tendency of high chromium steels to have values for the constant, C, of 25 or greater
has been observed by others and thus a value of 30 is acceptable.*!

A master curve using the Larson-Miller parameter was created and is displayed in
Figure 49,

4.3. Metallography Results

Metallography should be an integral part of any study of materials and their behaviour
as much can be learmed from examining metal alloys at the microstructural level. The
three steels in this study were examined using both scanning and transmission electron
microscopes with the object of discerning the mechanisms controlling their creep
behaviour and obtaining a more complete understanding of their microstructural
characteristics. Fracture surfaces were also examined at high magnification to observe
the prevalent fracture modes.
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4.3.1. Fractography

A study of the fracture surface morphology of ruptured creep specimens using a
scanning electron microscope revealed much useful insight into the behaviour of these
steels at high temperatures. A look at some of these fracture surfaces and a discussion
of their features will be put forward in the following section.

4.31.1. ASTM A193 Grade B16

Observation of the fracture surfaces of ruptured A193 specimens revealed that the
fracture mode was a combination of brittle and ductile behaviour. Figure 50 contains
images of the fracture surfaces of two specimens obtained at fairly low magnification so
the entire fracture surfaces are observable. The test temperature and the time to
rupture is given for each specimen in the caption. These specimens were subjected to
an applied stress of 261.4 MPa and 190.8 MPa, respectively;

Each of these specimens, which were tested at the same temperature, display both
brittle and ductile fracture. The region in the center of each specimen is clearly ductile in
nature and displays the cup and cone morphology typical of such fractures. However,
the region directly outside that is evidently the result of brittle fracture as evidenced by
its relatively smooth surface which is characteristic of very quick catastrophic failure.
The third concentric region furthest away from the center is simply the outer surface of
the specimen displaying the significant reduction in area due to necking which occurred
in the final stages of creep before rupture.

One would surmise from these fracture surfaces that the rupture commenced at the
center of the specimen and proceeded outward in a ductile manner, until the energy is
greater than the steel can dissipate at which point the specimen ruptures almost
instantly in a brittle fracture mode. The point of succession between ductile and brittle
fracture most likely occurs when a crack in the specimen becomes too large.

Although these fracture surfaces are from two specimens which have rupture times that
differ by an order of magnitude, it is interesting to note how similar they are. The
magnification of both images is the same allowing direct comparisons between the
specimens. The overall area reduction due to necking of both specimens is very similar,
as well as the percentage of the fracture surface that appears to exhibit ductile fracture
characteristics.
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When considering these facts in conjunction with the elongation at rupture results, it
would seem that the rupture ductility of this steel is not affected greatly by stress. The
total elongation at rupture of Specimens 3F and 3M was about 45% and 35%
respectively, which is not a significant difference considering the amount of scatter
present in the elongation data.

However, one can see a definite evolution in the fracture surfaces as the test
temperature is increased. The fracture surfaces of two specimens tested at higher
temperatures are displayed in Figure 51.

The fracture surface of Specimen 3G displays similar features as the two specimens
observed previously. However, the ductile zone covers a larger percentage of the
fracture surface of Specimen 3G, and the area reduction due to necking is more severe.

Specimen 3B, which was tested at the highest temperature, displays a further evolution
of the changes that occurred between Specimen 3F and Specimen 3G. The fracture
mode appears to be entirely ductile in nature with no brittle region evident. As well, the
reduction in area is even more significant and the size of the fracture surface is very
small.

It would seem that the fracture mode of this steel appears to become more ductile at
higher temperatures, as evidenced by the increase in the relative size of the ductile
region and the decrease in the overall size of the fracture surface due to necking. This
is reinforced by the dramatic increase in elongation for specimens tested at 649°C
compared to those tested at lower temperatures.

It appears that there is a significant increase in rupture ductility and corresponding loss
in creep strength for this steel at 649°C. This effect is also accompanied by much
greater oxidation compared to lower temperatures. These low alloy steels would not be
subjected to temperatures this high in service and it is unlikely of any profit to continue
testing of this steel at this temperature.

The difference between the ductile and brittle fracture zones can be more readily seen
at higher magnification as shown in Figure 52. The ductile regions of the fracture
surfaces of this steel tend to contain many small holes as can be seen in Specimen 3B.
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4.3.1.2. ASTMA355Class A

Fracture surfaces of ruptured A355 Class A creep specimens were also observed using
a scanning electron microscope. It is interesting to note that the fracture mode was
completely ductile for all specimens observed, with one exception.

The fracture surfaces of two specimens tested at 538°C are shown in Figure 53.
Specimen 2E displays the only fracture surface observed containing both ductile and
brittle fracture zones. Specimen 1C, which had a much longer time to rupture, displays
a fracture surface more typical of this steel, wherein the entire fracture surface is ductile |
in nature.

In a similar manner to A193 Grade B186, the rupture ductility of A355 Class A appeatrs to
increase as the test temperature is increased. This can be observed in the fracture
surfaces displayed in Figure 54, both of which are obtained from ruptured specimens
tested at higher temperatures than the two specimens observed previously.

As noted earlier, there is no brittle zone in either of these fracture surfaces, but the
reduction in size of the fracture surface as a whole as the temperature is increased

demonstrates the increase in rupture ductility.

As with A193 Grade B16, no definite conclusion could be drawn from the elongation at
rupture data as to the effect of stress on the rupture ductility, although there did seem to
be a slight trend towards increasing elongation as the stress was decreased. When the
fracture surfaces are examined, this trend would appear to obtain further confirmation.

There is an obvious increase in the rupture ductility of Specimen 1C compared to
Specimen 2E as noted earlier, although the elongation at rupture only varied between
37.5% and 33.5% for these specimens. These specimens were subjected to applied
stresses of 179.7 MPa and 252.8 MPa, respectively.

A similar change can be observed if the fracture surface of Specimen 1J, which is
displayed in Figure 55, is compared to that of Specimen 1G, which is shown in Figure
54. Specimen 1J was subjected to a stress of only 38.5 MPa, while Specimen 1G was
subjected to a stress of 61.9 MPa. Specimen 1J displays considerably greater reduction
in area, and thus greater rupture ductility, to go with its lower stress level.

The data is hardly conclusive, but it would appear that the rupture ductility of A355
tends to increase as the temperature is increased and the stress is decreased.
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Examining the ductile fracture regions at higher magnification reveals surface
morphology very similar to that of A193, as can be seen in Figure 56. The ductile region
of Specimen 1B is characterized by a cup and cone merphology, although the scale of
the features is significantly larger than observed for A193.

4.3.1.3. ASTM A437 Grade B4B

The A437 steel has greater tensile strength and less ductility than the other two steels
studied and this is apparent when the fracture surfaces of this steel are examined. As
shown in Figure 57, the failure mode of this steel appears to be a combination of ductile
and brittle fracture as observed for A193. However, the brittle zone is more dominant
and the reduction in area is less pronounced.

There is little difference between the fracture surfaces of Specimen 4B and Specimen
4D, which were tested at 426.6 MPa and 370.6 MPa, respectively. Examining other
fracture surfaces at higher temperatures as well, there is no evidence that the rupture
ductility of this steel is affected by the applied stress. As observed earlier, the
elongation at rupture results for this steel were similarly inconclusive.

The effect of test temperature, however, is very similar to that observed for A193 and
A355, although perhaps not as severe. Figure 58 displays the fracture surfaces of two
specimens tested at 593°C and 649°C, respectively, and the increase in the relative
size of the ductile region, as well as the increase in overall area reduction, can be
clearly seen.

The ductile regions of these fracture surfaces contain many voids, or worm holes, which
which may be the result of cavity generation during the final stages of tertiary creep.
Figure 59 contains images of the ductile regions of Specimen 4G and Specimen 4J
displaying these worm holes. The image of Specimen 4J also contains a large flake-like
particle observed on several of these fracture surfaces. EDX analysis was performed to
try determine the composition of these panticles as will be discussed in the next section.
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649°C, 156 hours.
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4.3.2. EDX Analysis

Polished surfaces of both ruptured specimen and barstock in the as-received condition,
as well as fracture surfaces, were examined using a scanning electron microscope
equipped with the ability to perform EDX analysis. This procedure makes it possible to
identify phases and particles by determining their chemical composition.

4.3.2.1, ASTM A193 Grade B16

A slice of the original barstock of the A193 steel was polished to 6 um and examined. A
typical view of the sample is shown in Figure 60, and it reveals two large particles as
well as a number of small white particles.

The large particles were examined using EDX analysis and were found to be inclusions
of S-Mn and AI-O. The EDX spectrum obtained from each particle is shown in Figure 60
as well, along with the chemical composition suggested by the software package. All
compositions are given in weight percent. A spectrum was aiso taken from the matrix
area for comparison and the chemical composition was found to be representative of
the nominal composition of this steel. It is important to note the high carbon content
shown. This is not necessarily indicative of the actual carbon content in the material but
is a resuit of contamination from the EDX analysis itself.

The small white particles were too small for analysis using a scanning electron
microscope. They are possibly chromium carbides, which are among the largest and
most common of the precipitate particles formed in these steels.

Various particles were also observed on the fracture surfaces and EDX analysis was
used in an attempt to identify these particles. A large particle observed on the fracture
surface of Specimen 3B was examined and its spectrum is shown in Figure 61. It
appears to be a silicon carbide particle since the indicated carbon content is
significantly greater than that shown in the matrix compaosition. EDX analysis at the
point labelled Spectrum 2 in Figure 61(a) revealed mostly iron oxide, which is to be
expected considering the large amounts of oxidation which occur at these
temperatures.
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Figure 60: ASTM A193 Grade B16 barstock, as-received condition, a) SEM micrograph,

b) Spectrum 1, Al-QO particle.
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Figure 61: Fracture surface of Specimen 3B, 649°C, 53 hours, a) SEM micrograph, and

b) Spectrum 1, 8i-C particle.
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4322 ASTMA355Class A

A polished slice of the barstock of A355 in the as-received condition was examined and,
much like A193, large particles were observed as shown in Figure 62(a). EDX analysis
revealed that these particles were inclusions of S-Mn, Si-C, and Al-N, as can be seen in
Figure 62(c) and (d). Aluminum nitride particles were common throughout the
microstructure and are no doubt a by-product of the significant aluminum content of this
steel, as revealed in the EDX analysis of the matrix shown in Figure 62(b). It is
interesting to note the absence of the small white particles seen in the A193 steel. The
areas that are of a lighter shade were also examined and no difference in their
compaosition was found compared to that of the darker areas.

Slices were also cut from ruptured specimens of A355 in both the longitudinal and
transverse planes and examined. Again, inclusions of S-Mn were visible but very few
Al-N particles were found.

4.3.2.3. ASTM A437 Grade B4B

The barstock of A437 in the as-received condition appeared very similar to that of A193.
Large particles of Al-O and Si-C were found and the small white particles, which may be
small chromium carbides, were also prominent. These features can be seen in Figure
63(a), which contains a particle which EDX analysis indicated contained mostly silicon
and carbon.

The spectrum obtained from the matrix is displayed in Figure 63(b), and the chromium
content should be noted. The weight percent of chromium was found to be around
twelve, which is within the range required by the ASTM standard for this steel. EDX
analysis performed at numerous locations returned similar results. It would appear that
the EDX analysis confirms the result of the spectrochemical analysis.
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Figure 62: ASTM A355 Class A barstock, as-received condition, a} SEM micrograph, and
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Figure 62: ASTM A355 Class A harstock, as-received condition, ¢) Spectrum 4, S-Mn
particle, and d) Spectrum 5, AI-N particle.
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Figure 63: ASTM A437 Grade B4B barstock, as-received condition, a) SEM micrograph,

Si-C particle, b) Spectrum 1, matrix.
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Polished slices cut from ruptured specimens were prepared and examined as well. The
large particles mentioned earlier were again visible. However, the smaller particles,
which appeared bright white in the as-received material, were difficult to see in the
ruptured specimens. The particles still appeared to be present but they were a much
darker color and blended in with the matrix to the point that they were barely visible as
can be seen in Figure 64. The large particle present appeared to be an Al-O particle
when EDX analysis was performed.

A number of particles were observed on the fracture surfaces of ruptured A437 creep
specimens as mentioned in the previous section. EDX analysis was used to try and
identify the chemical composition of these particles.

Nodular type particles such as the one shown in Figure 65, many of which seem to be
inside worm holes, were also observed and attempts were made to identify them.
However, no substantial difference in their composition from the nominal composition of
A437 could be discerned. It is difficult to obtain accurate compositions using EDX on
rough surfaces due to the scatter of the electron beam. This is especially true for
particles within holes.

The flake-type particles observed on several specimens were examined and found to
contain large amounts of chromium and carbon. The particle found on Specimen 4J
was representative of other similar particles and its spectrum is shown in Figure 66.

4.3.3. TEM Metallography

The use of a transmission electron microscope to examine the microstructure of
ruptured creep specimens yielded some interesting results. However, the difficulty in
obtaining good thin foil specimens somewhat limited the number of ruptured creep
specimens that could be examined. The goal of performing transmission electron
microscopy was to search for evidence which would denote the type of mechanism
controlling the creep of these steels, and to examine the presence and composition of
precipitate paricles which are too fine for detection by a scanning electron microscope.

4.3.3.1. ASTM A193 Grade B16

Several good thin foil specimens were prepared from A193. The first thin foil specimen
that had a reasonably sized thin area was created from Specimen 3F.
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Figure 65: Particle on fracture surface of Specimen 4D, 538°C, 798 hours.
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Figure 66: Fracture surface of Specimen 4J, a) flake-type particle, and b) Spectrum 1.
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The lighter colored region apparént near the center of Figure 67(a) was thought to be a
void located at a triple point, where three grain boundaries meet. This type of feature is
often evidence of grain boundary sliding, as a void must be created if one of the grain
boundaries leading from the triple point is sliding. However, examining the developed
photograph, the light area appears more likely to be another grain.

No other evidence of grain boundary sliding was observed in any of the specimens
examined. Grain boundary sliding tends to be the controlling mechanism of creep at
lower stresses. [t is unlikely that grain boundary sliding would be a dominant factor at
the relatively high stresses of the tests performed in this study.

The micrograph shown in Figure 67(b) displays a number of small dark particles with
diameters on the order of 100 nm. These particles are possibly MxCe particles of
chromium and molybdenum.

An excellent thin foil specimen was also obtained from Specimen 3M. Examining this
specimen at high magnification also revealed the presence of many small particles with
diameters on the order of 100 nm as shown in Figure 68(a). EDX analysis was
performed on the largest of these particles and the elements detected are listed in
Table 12. Although the amount of iron detected is still very high, the chromium content
is over 4% which is considerably greater than that present in the nominal composition of
this steel. The only detector available was not able to measure the presence of carbon,
so the fact that it is not listed does not mean that there is none present,

Table 12: EDX results for Specimen 3M.

Element Fe | Mn Si Ni Cr v Mo
(Wi%) [ (wi%e) [ (Wi%he) [ (wi%e) | (wi%e) [ (wi%e) | (wize)

Spectrum 1 91.16| 2.31 ] 0.21 | 0.04 | 457 | 0.77 | 0.93

Spectrum 2 |86.40( 3.52 | 0.19 | 0.05 | 8.00 | 0.69 | 1.15

Figure 68(b), which is another micrograph taken from this specimen, displays a couple
of larger particles. EDX analysis of the one in the bottom left corner revealed even
greater chromium composition as shown in Table 12. The EDX detector is likely picking
up iron from the area surrounding the particles but it appears that the particles contain
significant amounts of chromium.
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Figure 67: TEM micrographs of Specimen 3F, 538°C, 321 hours, a) grain boundary triple
point, and b) small precipitate particles.
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Figure 68: TEM micrographs of Specimen 3M, 538°C, 1726 hours, a) Spectrum 1, and
b) Spectrum 2.
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Even smaller particles, which are lighter in color and have diameters on the order of 25
nm, can be seen in the micrographs for both Specimen 3F and Specimen 3M. Although
too small to be analysed using EDX, it is possible that they are MX type particles, most
likely vanadium nitride.

4.3.3.2. ASTMA355Class A

Only one thin foil specimen was obtained for A355 that contained a good thin area for
TEM examination. The micrographs obtained from Specimen 1J reveal particles
considerably larger than those observed for A193 with diameters in the order of 500
nm, EDX analysis was performed on the large particles in the center of the two
micrographs shown in Figure 69. The results for two particles are listed in Table 13. For
both particles, a significant amount of chromium and molybdenum was detected
suggesting that these are M»3C; particles.

Table 13: EDX Results for Specimen 1J.

Element Fe { Mn Si Cr Vv Mo
{(Wi%) | (Wi%) | (wi%) | (wi%b) | (Wt%e) | (wit%)
Spectrum 1 8763|263 |0.00}7.11|1.06 157
Spectrum 2 B6.00| 3.08 [ 0.01}19.02 0771113

The micrograph shown in Figure 69(a) is not particularly clear but what appear to be
dislocations can be seen spreading out from the edges of the particle. The controlling
mechanism of creep in the stress-temperature regime in which these tests are located
is most likely dislocation creep. These dislocations are pinned by the precipitate
particles that have been observed, which provides a strengthening effect. However, the
size of these particies increases during creep and if they become overly large, they are
not as effective at blocking dislocations.

The particles observed in Specimen 1J were considerably larger than those seen in the
specimens of A193. However, Specimen 1J was tested at 649°C while Specimen 3F
and 3M were only tested at 538°C and temperature has a large effect on the rate of
grain growth.

111



Figure 69: TEM micrographs of Specimen 1J, 649°C, 681 hours, a) Spectrum 1, and
b) Spectrum 2.
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4.3.3.3. ASTM A437 Grade B4B

The only A437 specimen from which a good thin foil specimen was obtained was
Specimen 5F, which had a relatively long time to rupture of over 2000 hours at 649°C.
Understandably then, this specimen should show considerably more ageing effects
than the other specimens observed eartier.

As can be seen in Figure 70, however, the particles observed are of approximately the
same size as those observed in Specimen 1J. EDX analysis was performed on the
particles in Figure 70(a) and the results are listed in Table 14. It is difficult to be sure of
the exact identity of the particles but again the amount of chromium detected was
significantly more than that of the nominal composition of this steel.

The microstructure of this steel should be more resistant to ageing than that of A355
due to the precipitation of finer and more stable vanadium nitride particles. This thin foil
specimen did not provide good enough results to be able to see if smaller particles were
present.

Table 14: EDX results for Specimen 5F.

Element Fe Mn Si Ni Cr A" Mo w
(W1%%) | (Wi%) [ (wi%o) | (wi%e) | (wids) | (Wi} | (wt%) | (wi%)

Spectrum 1 72.37 | 113 | 0.79 | 0.79 |21.25| 0.24 | 1.71 | 1.42

A large number of dislocations can be seen spreading out from the large particle in
Figure 70(b). Again, this particle is likely pinning these dislocations and thereby
blocking their movement through the grain, thus improving the resistance of the steel to
creep.

4.4. Application to Bolting

The purpose for testing these steels is to obtain a better understanding of their creep
behaviour in order to determine whether they are suitable for use in steam turbine
applications. ASTM Standards A193 and A437 are written as guidelines for steels used
for bolting purposes, and that is the application in which the steels tested will be used. A
discussion of the test resuits as they apply to bolting will thus be put forward in the
following section.
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Figure 70: TEM micrographs of Specimen 5F, 649°C, 2128 hours, a) Spectrum 1, and
b) large particle pinning dislocations.
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4.4.1. Stressin Service

Bolting steels are utilized in many locations throughout a steam turbine to hold various
casings and piping together and thus their performance is of utmost importance. Many
parts of these steam turbines are subjected to both high pressures and high
temperatures. The bolting must withstand these forces through many years of service.

Supersaturated steam at high pressure passes through these turbines increasing the
forces on the bolting. If a leak were to occur it could create a serious safety hazard as
supersaturated steam is not visible. As well, the main steam temperature of these
turbines is around 538°C. Since there is no thermal insulating barrier between the
casing and the bolts, it is reasonable to assume that the bolts are very close 1o the main
steam temperature during service. At these high temperatures, the effects of creep are
very important.

Knowing the actual stress in bolts under service conditions in a steam turbine would be
extremely useful for comparison with creep test stresses. Boits are tightened initially to
a prescribed torque so that there is an initial tension in the bolts. When the steam
turbine is in operation, the high-pressure steam creates additional stress.

The stress present in bolts used to clamp the head on a valve in a steam turbine was
estimated to provide a typicatl bolt stress under operating conditions. The steel used in
this application is a martensitic stainless steel equivalent to ASTM A437 Grade B4B.

The stresses wer'e estimated as follows:
Initial stress after tightening 153 MPa
Operating stress 161 MPa

A complete description of the calculations performed can be found in Appendix C.

A stress of 161 MPa falls well below the applied stress of the A437 tests performed at
538°C. Using the Larson-Miller master curve created from the test data for this steel, a
stress of 161 MPa should result in a rupture life of around 2.8 million hours if subjected
to a temperature of 538°C. However, using the Larson-Miller master curve for Type 422
stainless steel predicts a rupture life of approximately 300 000 hours. These bolts are in
service for well over 100 000 hours. it is likely that the actual rupture time of this
material at a stress of 161 Mpa would lie between the two estimates.
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4.4.2. Post-Rupture Hardness Test Results

As mentioned earlier, bolts used in steam turbine applications are tightened initially to a
prescribed torque. The effect of creep at high temperatures does not result in
elongation of the bolts but rather in stress relaxation. During service at high
temperatures, the stress in the bolts will decrease gradually until they can no longer
sustain enough force to stop steam leakage from occurring. As a result, the steam
turbines are overhauled every 40 000 to 60 000 hours and the bolis are retightened.

The hardness of each bolt can be tested to give an estimation of its remaining creep
strength. As stress relaxation of the bolting occurs, the hardness of the bolting material
decreases. If the hardness of a bolt is below a certain value at the time of overhaul, the
bolt will be replaced.

Hardness tests were performed on a number of ruptured creep specimens and the
results are tabulated in Table 15. As much as possible specimens with approximately
the same rupture times were chosen for comparison. In general, the hardness is
greatest in the as-received condition and there is a continual decrease as the

temperature is increased.

Table 15: Hardness of ruptured creep specimens.

Temperature | Rupture Time Hardness
Material | Specimen (°C) (hours) VHN HB
A193 | As Received 294 279
3E 538 788 285 270
3G 593 518 264 251
35 649 627 187
A355 |As Received 281 266
1D 538 1554 254 242
2H 533 1431 201
1J 649 681 202
A437 | As Received 314 298
4K 538 1617 308 292
4H 593 2316 286 271
5C 649 2128 261 248

When performing overhauls on bolted casings using a marensitic stainless steel
equivalent to A437, Hitachi Canadian Industries recommends replacement of any bolts
that have a hardness value of less than 280 HB. As can be seen in Table 15, the
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hardness of the ruptured A437 specimen tested at 538°C was still above this value

even at rupture.

4.4.3. Creep Mechanisms

An understanding of the mechanisms that control the creep behaviour of these steels is
of great importance in determining their suitability for any given application. However,
this is perhaps the most difficult part of studying the creep characteristics of materials.

One of the biggest challenges is the estimation of long term creep properties from short-
term creep testing. Due to the very nature of these steels, this is extremely difficult for

several reasons.

Firstly, as noted many times, the microstructure of these steels is continually evolving
during creep. The greater creep resistance of these steels compared to a low carbon
steel is a result of the addition of various elements such as chromium and vanadium.
These elements provide both solid solution strengthening and precipitation
strengthening. However, the contribution of these elements to creep strength changes
over time as the microstructure changes. Different precipitate phases are formed at
various stages during creep and all precipitate particles tend to grow larger under
exposure to high temperatures. As different phases are formed, some elements which
provide solid solution strengthening are dissclved in precipitates, thus reducing their
effectiveness. Prediction of the long term creep life of these steeis requires prediction of
the precipitation and evolution of the many phases present in these steels.

In general, the more stable the precipitates, the greater the creep strength of these
steels. Examining the shape of the creep curves of these three steels, the relative
stability of the microstructure of these steels can be analysed. The creep curves of
A193 and A355 have a very prominent tertiary stage with little or no steady state creep.
This is likely due to the continual growth of grains and precipitate particles, whereby the
creep strength of these steels is gradually diminished. The creep curves of A437
disptay a much more prominent steady state region, possibly indicating a more stable
microstructure. The A437 steel has a martensitic microstructure which in itself is much
more resistant to grain growth than a ferritic microstructure.

Another problem associated with estimating long term creep life is the possibility of a
change in the controlling mechanism at low stresses. Creep at higher stresses tends to
be dominated by dislocation creep, which is the movement of dislocations through the
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material by a diffusion activated process. High temperatures make the movement of
dislocations much easier. This is likely the controlling mechanism of ¢creep in the stress-
temperature regime into which the creep tests performed in this study fall. However, at
lower stresses, creep is more often the result of grain boundary sliding and the mode of
failure is more intergranular in nature. As a result, it is very possible that the mechanism
controlling creep under the low stresses seen in service conditions is different from the
mechanism controlling creep during high stress short time creep rupture tests. Many
studies have observed a change in the controlling mechanism for these steels as the
stress is decreased.

The steady state, or minimum, strain rate plotted as a function of stress often follows a
power law relationship. A change in the value of the exponent of the power law often
indicates a change in the controlling mechanism. No change was evident for A193 and
A355. However, it appears that there may be a change indicated for A437 at a value of
approximately 380 MPa. More data points need to be obtained to verify this trend.

The point is that it is very difficult to predict long term creep life without performing long
term creep tests. Time-temperature parameters and other life prediction methods which
are derived from short term test data are of little use for predicting long term behaviour
if the controlling mechanism of creep has changed.

Another factor that has a great effect on creep life and is very complex in itself is
oxidation. Oxidation is especially important for the low alloy steels, A193 and A355, and
further complicates the extrapolation of short term creep data to actual service

conditions.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1.

Conclusions

The creep behaviour of three alloy steels was examined in this study to determine their

suitability for steam turbine applications. The high temperature creep characteristics of

these three steels, as well as the mechanisms controlling their creep behaviour, were

therefore of interest.

The evaluation of these steels was carried out using high temperature creep tests,

hardness and tensile testing, and scanning and transmission electron microscopy. By

examining the results discussed in the previous chapter, the following conclusions can

be made.

1)

2}

3)

4)

The creep strength of the tempered manensitic stainless steel, A437, is
considerably greater than that of the two low alloy steels, which is to be
expected. Iis tensile strength at room temperature is also greater than that of the
other two steels.

The repeatability of the stress rupture tests appears to be relativety good. The
variance in time to rupture for tests performed at the same temperature and
applied stress was never more than 30% and was as low as 3%.

The shape of the creep curve for each steel is well established. The creep
curves of the two low alloy steels, A193 and A355, are similar and contain a
very prominent tertiary region and little or no steady state secondary region. On
the other hand, the tempered martensitic stainless steel, A437, displays a more
typical creep curve, with three well defined stages, including a prominent steady
state phase. The general shape of the creep curve for each steel does not
appear to be a function of stress or temperature.

The stress rupture data for the two low alloy steels does not fit well with the
Larson-Miller time-temperature parameter. However, the data does meet the
requirements necessary for using the Goldhoff-Sherby parameter. On the other

119



5)

7)

8)

hand, the data for the A437 stainless steel did fit well with the Larson-Miller
parameter.

The elongation at rupture appears to be a function of temperature for A193 and
A355. The amount of elongation tends to increase as the temperature is
increased. It was interesting to note that the increase is not uniform. The
increase in elongation between specimens tested at 538°C and those tested at
593°C was fairly small. However, the elongation at rupture of those specimens
tested at 649°C often showed a very large increase compared to those tested at
593°C. The dramatic increase in elongation was also accompanied by a
corresponding increase in oxidation.

All three steels display large variations in rupture ductility as observed by
examining the fracture surfaces of ruptured specimens. The rupture ductility
appears to be a function of temperature. As the temperature was increased, the
rupture ductility of the creep specimens almost invariably appeared to increase
as measured by the overall reduction in area and the relative sizes of the ductile
and brittle failure zones, observed on the fracture surface.

There were insufficient data to make any definite conclusions as to whether the
rupture ductility of these steels is a function of applied stress.

Oxidation was a significant factor for the two low alloy steels, A193 and A355, at
all three test temperatures. However, those tests performed at 649°C displayed
significantly greater amounts of oxidation, which appeared to be accompanied
by a significant increase in ductility as evidenced by elongation at rupture. As
expected, the tempered marensitic stainless steel, A437, demonstrated
significantly better oxidation resistance than the two low alloy steels.

Many particles were observable in the microstructure of these steels, which are
most likely carbide and nitride particles. The largest of these particles were
examined using EDX analysis and large amounts of chromium were found to be
present, suggesting that they are likely chromium carbides. Many smaller
particles were also observable which are likely vanadium nitrides, although they
were too small for reliable EDX analysis.
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10)

11)

12)

5.2

No evidence of grain boundary sliding was observed, although the number of
specimens examined was small. It is unlikely that grain boundary sliding would
be a dominant mechanism of creep under the conditions of the tests performed.

Hardness decreases during creep. Hardness tests performed on ruptured creep
specimens revealed a loss of strength relative to the test temperature. The A193
and A355 steels showed a significantly greater decrease in hardness than the
A437 steel. This is further demonstration of the increased creep strength of this

steel,

The creep behaviour of these steels under service conditions is not easily
characterized using data obtained from short term creep tests performed at
much higher stresses than would be seen in service.

Recommendations

A number of recommendations for areas of further study are as follows:

1)

2)

3)

4)

5)

The creep testing program ‘should continue with longer term tests. Stress
rupture tests should be performed on the five machines not equipped with
extensometers to continue to add data points to the master curves. Creep
tensile tests should be performed on the five creep frames equipped with
extensometers and allowed to run until they are into the secondary stage at
which point they should be terminated.

Additional lots of each steel should be purchased and tested to assess material
repeatibility.

A more detailed study of the microstructural evolution of these steels during
creep should be undertaken using transmission electron microscopy.
Examination of creep specimens at different stages of creep will yield useful
information on the growth of grains and precipitate particles.

An attempt should be made to determine if and when changes occur in the
controlling mechanism of creep as the amount of applied stress is decreased.

Eiched surfaces of as-received and creep tested specimens should be
examined using both optical and scanning electron microscopes to further
understanding of the basic microstructure of these steels.
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6) Many numerical models have been developed to describe the creep behaviour
of materials. These numerical methods should be researched in greater depth to
determine if any apply to these steels. Numerical modeling of the precipitation
and growth of various phases could also be examined.

7) Many new steel alloys with improved creep resistance have been developed in
the last two decades. More detailed research into the properties and creep
behaviour of these new steels should be undertaken to assess their suitability

for bolting applications.

There are many details of the creep behaviour of these steels that are yet unknown.
Continuation of this project would add to the understanding of the complex
phenomenon of creep and aid in the application of these steels in service.
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APPENDIX B: CREEP TEST RESULTS

This appendix summarizes some of the experimental data. The experimental data for

each creep tensile test performed are contained on the enclosed compact disc due to

space constraint.

B.1 ASTM A193 Grade B16
Temperature Estimated Time to Rupture (hr)
°C)| )] 180 320 560 1800 3200 5600
53s[1000] 3F 3A 3E 3M 3R 3V
2/3/00 | 1/23/00 | 2/2/00 | 3/9/00 | 4/2/00 | 5/30/00
261.4 246.3 226.6 190.8 173.9 161.1
32067 | 391.58 | 787.94 | 1725.81
s03[1t00] 3D 3C 3l 3G 3J* 3u
1/28/00 | 1/28/00 | 2/16/00 | 2/4/00 | 2/18/00 | 5/12/00
157.8 142.7 129.1 101.4 925 83.6
113.91 | 17024 | 44046 | 51836 | 71954 | 983.1
649[ 1200 3B 3K 3H 3P 35
1/26/00 | 3/3/00 | 2/4/00 | 3/16/00 | 4/30/00
76.1 65.6 48.1 40.3 35.8
52.78 61.8 27893 | 42422 | 62693
(°C)| CF)] 560 560 3200 * overtemped
538[1000] 3N 30
'3/10/00 | 3/15/00
226.8 226.5
579.29 | 730.68
593[1100 3T
5/12/00
92.8
661.7
649[1200] 3L 3Q
3/6/00 | 4/1/00
65.6 65.5
83.33 76.88
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Specimen

Start Date

Stress (Mpa)

Time to Rupture (hrs)



B.2 ASTM A355Class A

Temperature Estimated Time to Rupture (hr)
(CCHECR)| 32 56 180 320 560 1800 3200
538{1000] 2E 2C 1E 1D 1C 2N
4/5/00 | 3/10/00 | 11/2/99 | 10/24/99 | 10/30/99 | 6/7/00
252.8 238.2 206.8 190.7 179.7 152.1
500.56 | 1220.55 | 1554.31 | 2246.18
593 [1100| 2K 1A 1B 2B 1H 2H
5/4/00 | 10/23/99 | 10/23/99 | 2/11/00 | 11/18/99{ 4/6/00
155.3 127.2 114.8 106.7 86.1 76.9
103.28 | 255.88 | 325.53 | 521.99 | 1156.41 | 1430.79
6491200 1F 1G 1 1
11/6/99 { 11/11/99 | 11/23/99 | 12/2/99
71.3 61.9 53.3 38.5
71.24 | 120.54 | 163.61 | 681.35
O CF)| 56 56 * owertemped
538|1000] 2F 2J
4/5/00 | 4/15/00
237.9 238.5
550.65 | 619.85
(°C){ °F)| 560 560
5931100 2l 2t Specimen
4/7/00 | 4/28/00 | Start Date
106.5 106.7 | Stress (Mpa)
B06.99 | 519.07 | Time to Rupture {hrs)
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B.3 ASTM A437 Grade B4B

Temperature Estimated Time to Rupture (hrs)
)| (°F)] 180 320 560 1800 3200 5600
53s8[1000] 4B AC 5D 4K 5B 4L
9/22/99 | 9/24/00 | 1/22/00 | 10/7/99 | 10/13/99 | 5/28/00
426.6 400.0 394.3 348.7 330.8 308.7
18.37 | 111.05 | 185.36 | 1616.84 | 3931.91
593[1100] 4E 4F 4| 4G 4H
9/29/00 | 10/1/99 | 10/6/99 | 10/3/99 | 10/3/99
305.8 276.7 260.3 220.8 197.6
134.14 | 299.42 | 524.85 | 1277.00 | 2316.29
649}1200] 5l 5A 4J 5C 5F 4M
3/5/00 | 10/9/99 | 10/6/99 | 10/13/99 | 1/26/00 | 6/8/00
181.7 159.6 139.7 93.5 80.3 50.2
35.98 76.33 | 155.56 | 2081.99 | 2127.9
(CC){ (°F}} 560 560
538[t000] SH 5J
2/18/00 | 3/14/00
394.6 394.2
234.49 | 214.97
64g[1200] S5E 5G
1/23/00 | 2/8/00
139.9 139.9
173.95
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4D
9/28/00
370.6
797.76

Specimen

Start Date

Stress (Mpa)

Time to Rupture (hrs)



APPENDIX C: CALCULATION OF BOLT STRESS

An outline of the analysis performed to estimate the stress in a bolt under typical
service conditions is given in this appendix. First, the general case of a bolted
connection subjected to an external joint separating force will be considered.! Then,
the procedure will be applied to the more specific case of a bolt in the head of a main
stop valve.

C.1 General Case

Bolts are typically used to hold parts together in opposition to forces tending to pull
them apart. In this type of situation, the stress in the bolt is the result of two forces: an
initial force, F;, due to the tightening of the bolt at installation, or bolt preload, and the
external joint seperating force, Fe.

A free body diagram of a typical bolted joint holding two plates together is shown in
Figure 1, where F, is the bolt axial load, and F, is the clamping force between the
plates.

Figure 1: Free body diagram of bolted joint."

On initial tightening, F, = F, = F. However, with the application of F,, equilibrium
requires an increase in F, and a decrease in F,. The bolt and the clamped members
elongate the same amount, 8, and the relative magnitude of the changes in F, and F,
are dependent on the relative stiffness of the bolt and clamped member.
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From Figure 1, the external force must be equal to the sum of the increased bolt force
plus the decreased clamping force, or

Fo = AF, + AF, (1)
AF, and AF, are defined as
AFy=kd and AF.=kd (2)

where k, and k. are the spring constants for the bolt and clamped members,
respectively. Combining equations (1) and (2), the following expression for AF, can be
derived

AF,=—"t _F 3)

The force on the bolt, F,, is equal to the sum of the bolt preload and the change in the
force on the bolt due to the addition of the external ioad, or

F,=F,+AF, (4)
F=F+—% 5)
P ke vk,

From the basic equations for axial deflection and for spring rate,

kbz.{i_b.E.._é_ - and kc -_-_ALE'L (6)
g g

where A = the effective cross-sectiona! area, E = the modulus of elasticity, and the grip
g represents the approximate effective length of the bolt and cltamped members.

The effective cross-sectional area of the clamped members is difficult to determine. An
empirical procedure that approximates A, is illustrated in Figure 2.
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Figure 2: Effective cross-sectional area of clamped members.

2

where d, is the bolt hole diameter, d; is the nut diameter, and
dy=d;+gtan30° (8)

The initial force on the bolt, F;, can be determined if the amount of bolt elongation that

occurred during tightening, §;, is known, using the following expression
Fi = kyd; (9)

The bolt is assumed to be in uniaxial tension. Neglecting stress concentrations at and
near the threads, the stress on the bolt o, is,

oy = Fu/Ap (10)
where A, is the cross-sectional area of the bolt.

C.2 Boltin Main Stop Valve

Sixteen bolts are used to fasten the cover plate of the valve to the body and the stress
in these bolts was analysed using the procedure detailed above. The bolts are of a
tempered martensitic stainless steel similar to ASTM A437 Grade B4B.
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The stress in each bolt during service is a result of two forces: an initial force, F;, due to
the initial tightening of the bolt at installation, and an external force, F, due to the effect
of the high pressure steam contained inside the valve which exerts a force attempting to
separate the cover plate from the valve body. The external force was calculated using
the following expression

F, = P[M] (11)

4(#bolts)

where p is static pressure, and D, is the diameter of the cover plate.

The dimensions of the bolt and clamped members are listed below:
Diameter of Bolt, d = 76.2 mm
Diameter of bolt hole, d; = 80 mm
Nut Diameter, d, = 117 mm
Effective length of bolt, g = 225 mm
Diameter of cover plate, D, = 576 mm

Other important values needed are:
Initial Bolt Elongation, 6, = 0.18 - 0.23 mm
Pressure, p = 127.5 kg/cm? gage
Temperature = 538°C

The modulus of elasticity for most ferritic and martensitic stainless steels is
approximately 200 MPa at room temperature. However, the value of the modulus varies
significantly with temperature. One source showed the modulus of elasticity of pure iron
to vary from 200 MPa at room temperature to a value of approximately 150 MPa at
538°C.P This was assumed to be a reasonable value for the martensitic stainless steel

in question.
The results of the stress analysis are shown in Table 1. The analysis shows that the

majority of the stress is a result of the preload, F.  Higher stress, due to over

tightening, shortens bolt life, thus preload is very important.

Table 1: Results of stress calculation for bolts.

; (mm) F; (kN) AFy {(kN) Fy (kN) op (MPa)
0.18 547 36.4 584 128
0.23 699 36.4 736 161
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Several assumptions were made to simplify this calculation. Thermal effects due to
differential expansion were assumed to be negligible since the bolt and the clamped
members have the same coefficient of thermal expansion. Dimensional effects due to
stress concentrations in the bolt threads or the presence of a gasket were also
considered to be negligible.

' R.C. Juvinall and K.M. Marshek, Fundamentals of Machine Component Design, John
Wiley & Sons, Toronto, 1991.

2 G.W. Krutz, J.K. Schueller, and P.W. Claar Il, Machine Design for Mobile and
Industrial Applications, Society of Automotive Engineers, Warrendale, PA, 1994,

3 L.H. Van Vlack, Elements of Materials Science and Engineering, 6" edition, Addison-
Wesley, New York, 1989.
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