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ABSTRACT
Power plant components are expected to withstand service at high temperature and pressure
for thirty years or more. One of the main failure mechanisms under these conditions is creep. The
steel compositions and heat treatments for this application are chosen to confer microstructural
stability and creep resistance. Nevertheless, gradual microstructural changes, which eventually
degrade the creep properties, occur during the long service life. The topic of this dissertation was
selected to concentrate on the welding of 10 - 12 % Cr martensitic creep resistant steels for their
applications at elevated temperatures. The studying of this topic is interested because of its higher
importance for the development of many important components of the power generation plants.
The work on this dissertation is concentrated on the weldability of the 9-12 % Cr steels.
Generally the welding task to produce components of these types of steels is connected to three
main aspects, the materials used, the technology applied for production and use of these steels as
well as their structure, which are considered to be connected to weldability. Based on this, we
built up the content of this dissertation according to these aspects.
High alloyed martensitic creep resistant steels, particularly 10 - 12 % Cr group are the most
important grades used for the production of components of power plants. An analysis of the effect
of boron addition to 9-12 % Cr steels was carried out. The results of this work showed that the
combination of the controlled addition of boron, cobalt and tungsten has a significant
improvement of the toughness of the steels containing this combination of these elements.
Another investigation was applied on two types of this group of steels using the Jominy test to
investigate their hardenability. During this test different hardness profiles from the well known
profiles for other hardenable steels were obtained for the tested steels. More microscopical
investigations have to be applied for more analysis of the reasons of these profiles.
A study was carried out to investigate the application of the preheating technique for welding
and the sensitivity to cold cracking for the steel X22CrMoV 12 1. The preheating temperature
was calculated according to the method introduced by Prof. L. Beres and the result showed that
the application of this method can be applied to avoid cold cracking of the welded joints. We

XI

have also used the same preheating calculation method for a welded joint for our W-alloyed steel
X20CrMoWV 12 1 1, it was prepared and practically investigated by applying some mechanical
tests such as tensile test, bending test, hardness test and the cold cracking CTS test. The results
indicated that the martensitic welding method worked out by Prof. Beres can be practically used
for this type of steels.
An evaluation of creep property of the steel grade (X22CrMoV 12 1) from miniature-sized
specimens was made using a so called small-punch test (SPT). This investigation was concerned
with the evaluation of the creep property of the weldments of the tested steel using this testing
method. A comparison of creep properties between base material, weld metal, and HAZ of the
welded joints of the investigated steel was introduced. The application of SPT is difficult because
of the complication of the used testing apparatus. Due to this fact a tensile test on notched
samples at elevated temperature (500 °C) was applied for creep resistant steel grades. In this type
of testing, notch opening displacement (NOD) was measured to introduce the relationship
between the notch opening displacement (NOD0) at a notch radius R = 0, and the creep properties
of these steels. The obtained master curves (relation between creep properties and NOD0) from
different creep resistant steels have been applied for testing of a welded joint of our investigated
W-alloyed steel X20CrMoWV 12 1 1. This application gave a possibility to compare the creep
properties of different zones of welded joints for these steels, and to apply a new easy applicable
method. The results of dissertation are applicable in the practice, but our suggestion is to continue
the investigation of martensitic creep resistant steels for getting more information about them.
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TARTALMI KIVONAT
Az erőművi szerkezeti elemeknek egyre magasabb hőmérsékletet és egyre nagyobb nyomást
kell elviselniük az utóbbi harminc évben. Ezeknél az igénybevételeknél a tönkremenetel egyik fő
oka a kúszás. Az acélok összetételét és a hőkezelését úgy választják ki, hogy a mikroszerkezeti
stabilitásuk és kúszásállóságuk ezeknek a követelményeknek megfeleljen. Mikroszerkezeti
változások, amelyek lerontják a melegszilárdsági tulajdonságokat, hosszú idejű alkalmazás estén
sem történhetnek. A dolgozat témáját úgy választottuk ki, hogy a 10 – 12 % Cr tartalmú
martenzites melegszilárd acélok hegesztésével foglalkozzon első sorban. A témakör
tanulmányozása érdeklődésre számot tartó, mert sok fontos erőművi szerkezeti elem fejlesztése
vált egyre fontosabbá.
A dolgozatban bemutatott munka a 9 – 12 % Cr ötvözésű acélok hegeszthetőségére
koncentrál. Ezekből az acélokból készülő szerkezeti elemek gyártásánál a hegesztési feladat
általában három fő területhez kapcsolódik, az alapanyaghoz, a hegesztési technológiához és
magához a szerkezethez, ezek együttesen határozzák meg a hegeszthetőséget. Ezek alapján a
dolgozat felépítése ehhez a három tényezőhöz kapcsolódik.
Az erősen ötvözött martenzites melegszilárd acélok, különösen a 10 – 12 % Cr tartalmú
csoport, igen fontosak az erőművi elemek gyártásánál. Egy elemzést végeztünk el a bór ötvözés
hatásának vizsgálatára, a 9 – 12 % Cr tartalmú acéloknál. Az eredmények azt mutatták, hogy a
bór, a kobalt és a volfrám ellenőrzött kombinálása és ötvözése javította ezen acélok szívóssági
jellemzőit. Egy további vizsgálatot hajtottunk végre ennél az acél csoportnál, az edzhetőség
vizsgálatára, Jominy próbával. A vizsgálat során a jól ismert véglap edzési görbéktől eltérő alakú
keménység görbéket kaptunk. A kapott eredmények okainak elemzésére további mikroszkópi
vizsgálatok elvégzésére van szükség.
Vizsgálatot végeztünk a hidegrepedés érzékenység elemzésére és arra, hogy milyen
előmelegítési technikát alkalmaznak az X22CrMoV 12 1 típusú acélok hegesztésénél. Az
előmelegítési hőmérsékletet Béres Lajos Professzor Úr által bevezetett módszerrel határoztuk
meg, és az eredmények azt mutatták, hogy a módszer alkalmazható a hidegrepedések elekülésére
a kötésekben. Azonos módszert alkalmaztunk a W – ötvözésű X20CrMoWV 12 1 1 acélok
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előmelegítésére, a kötéseket vizsgáltuk CTS hidegrepedési próbával, mechanikai vizsgálatokkal,
úgy mint szakító és hajlító vizsgálatot, keménységm1éréssel. Az eredmények azt mutatták, hogy
a Béres Professzor Úr által javasolt martenzites hegesztési módszer alkalmazható ezeknél az
acéloknál is.
Egy vizsgálat-sorozat adott acéltípus (X22CrMoV 12 1) kúszási tulajdonságainak
vizsgálatával foglalkozott, amikor egy kisméretű próbatesttel (“small-punch test”) (“kisméretű
lemez-hajlító próba”) vizsgáltuk a kúszási tulajdonságokat. Ez a “SPT” vizsgálat a hegesztett
kötés kúszási tulajdonságainak vizsgálatára irányult. A hegesztett kötés különböző zónáinak, így
az alapanyag, hőhatás övezet, varratfém kúszási tulajdonságainak összehasonlítását mutatta be ez
a vizsgálat-sorozat. Az SPT vizsgálat bonyolult berendezést igényel, így alkalmazása nehézkes.
Ezért szakító próbákat hajtottunk végre bemetszett próbatesteken, magas hőmérsékleten (500 °C)
melegszilárd acéloknál. A vizsgált acélcsoport esetében a repedés kinyílás (NOD) és a szakító
próbatest bemetszési rádiusza kapcsolatát mutattuk be, meghatároztuk a R = 0 hoz tartozó NOD0
értékek és a kúszási tulajdonságok kapcsolatát. A különböző melegszilárd acélokkal kimért
mestergörbék (kapcsolat a kúszási jellemzők és a NOD0 között) alkalmazásával, lehetővé vált a
hegesztett

kötés

kúszási

jellemzőinek

meghatározása

a

vizsgált

W

–

ötvözésű

X20CrMoWV 12 1 1 acél esetében is. Ez az egyszerűen végrehajtható vizsgálat-sorozat lehetővé
tette a kötés különböző zónái kúszási tulajdonságainak összehasonlítását.
A dolgozat eredményei közvetlenül használhatók a gyakorlatban, az azonban látható, hogy
számos további vizsgálat elvégzésére van szükség a martenzites melegszilárd acélok
megismerése céljából.
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Introduction
The demand on creep resistant steels used in power generation plants is increasing since
years due to their role of improving the efficiency of power industry by increasing the service
pressure and temperature of power generators (Figure 0-1). This gave some new challenge for
steel manufacturers as well as scientific researches to work on the improvement of this type of
steels.

Figure -1. Historical and projected future trends in plant steam conditions [1]
(The graphic montage is for Olkiluoto NPP 3. 1600 MW power plant in Finland)
Since the beginning of the last century, the development of creep resistant steels passed with
three steel generations and the fourth one is currently under the development stage. At the first
generation, Cr was increased along with addition of V, Nb and W for improving the strength of
steels such as X20CrMoWNiV 12 1 (HT9). The second generation of steels included the
optimization of C, Nb, and V with addition of N for steels such as X10CrMoVNb 9 1 (T91) and
X10CrMoWVNb 12 1 1 (HCM12). In the third generation, the steels X10CrWMoVNb 9 2 (P92)
and X11CrMoWVNb 9 1 1 (E911) and similar grades were developed and introduced in the
1990s for 620 ºC operations with 105 h creep rupture strengths of 140 MPa at 600 ºC.
The fourth (present) generation of steels is being developed to push operating temperatures to
650 ºC. The steels of this generation such as SAVE12 and NF12 differ from the previous
generation primarily by the use of up to 3.0 % cobalt; they have projected 10 5 h creep-rupture
strengths at 600 ºC of 180 MPa. One new type of martensitic creep resistant steels is
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X20CrMoWV 12 1 on which the work of dissertation is focused. The work of this dissertation is
connected to the international investigation project of steels (COST 501) carried out by Prof.
Artinger István and his co-researchers. There are many questions that are related to this steel
grade such as welding which have not widely been investigated yet. From data of literature, the
weldability of tungsten alloyed martensitic creep resistance steels was not evaluated.
It is clear from the improvement stages of the steel generations that the creep properties of
the creep resistant steels are the most important topic for the researchers who deal with such steel
grades. Creep properties of these steels are improved mainly by adding of stronger carbide
formers such as W, Co and B, for example one of the techniques employed for the development
of the new steels is the controlled addition of boron. Results from different studies have shown
that the creep properties of developed boron-containing ferritic steels are significantly superior to
those of the more conventional steels like the P91, P92, and P122 steels. Another improvement of
creep properties can be achieved by heat treatment, a previous study showed that better creep
properties have been obtained in the steels quenched than in the air-cooled ones [2].
The hardenability property of creep resistant steels is considered as an important task that has
to be investigated. Hardenability is defined as that property which determines the depth and
distribution of hardness induced by quenching from the austenitic condition. In general,
hardenability increases with carbon content and with alloy content. In a small section, the heat is
extracted quickly, thus exceeding the critical cooling rate of the specific steel and this part would
thus be completely martensitic. Jominy end-face test is the usual practical investigation technique
for checking up the hardenability of steels.
The topic of this dissertation is interested because it deals with the study of the weldability
and welding processes of one of the important new steel grades used for producing different
components of power generation plants. This topic includes also the study of how creep
properties for welded joints of these steels can be improved. In the literature there are many
welding technologies for welding of different types of steel grades, but it is not known which
technology can be applied to produce perfect welded joints of creep resistance steels. Concerning
the welding technology, the important question is how to weld these steels without getting cold or
hot cracking and to get the desired mechanical properties of the obtained welded joints. To fulfill
these requirements, preheating and postweld heat treatments have to be applied and the correct
consumable material has to be selected. In the literature many welding technique are introduced
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to be used for welding of creep resistance steels, such as the so called "martensitic welding"
which was worked out by L. Beres and his co-authors. This method has to be practically applied
for W-alloyed steels and to investigate the mechanical properties of the resulted welded joints.
Concerning creep testing, it is interested to search for short term testing methods instead of the
well known conventional creep testing technique that requires long time and high application cost
to be practically applied.
For future, more investigations have to be carried out for improving of creep properties of
creep resistant steels at elevated temperature, shorter time creep testing technologies, and more
advanced welding methods for these steels.

Objectives of the work
1. According to the aspect of base materials
a) Analyzing of the toughness of creep resistant steels by the optimization of the
alloying elements such as boron and cobalt which are carbide formers.
b) Analysis of the hardenability properties of creep resistant steels using the Jominy endface quenching method.
2. According to the aspect of technology
a) Analysis of the weldability of creep resistant materials and testing of the mechanical
properties of their welded joints.
b) Working out of the welding technologies of creep resistant steels and apply these
technologies in the practice.
3. According to the aspect of structure
a) Development of an easier and shorter term testing method for testing of the creep
properties of creep resistant steels.
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1. The material requirements of power generation plants
The most important key factor in designing of the components of new power stations is the
choice of materials that can be operated at the highest possible steam temperature and pressure.
The steel that is strongly required now in power generation field, should have very stable creep
properties, good workability and weldability and high resistance to steam oxidation [2].

1.1.

Improvement of creep strength of power plant steels

To increase the creep strength of power plant steels, their stability at elevated temperatures
should be improved. The addition of many alloying elements has the main role to obtain this
improvement. Some of these elements are added for solution strengthening mechanism such as
(Cr, Mo, W and Co). Others are added for forming carbides and nitrides which highly contribute
in strengthening of these steels such as (Mo, W, Nb, V, Ta and B). These elements produce fine
particles of their carbides and nitrides which are precipitated during tempering of the steels.
These precipitates contribute in the strengthening of the steels through the impediment of the
movement of dislocations, or defects in the crystals of steels [2].

1.2.

Evolution of Cr-Steels for power generation industry

The first Cr-Mo steels were used for conventional power-generation applications in the
1920s. The 2¼Cr-1Mo (11CrMo 9 10) steel, designated by ASTM as T22*, was introduced in the
1940s and is still widely used today. Along with Grade 22, X11CrMo 9 1 (T9), and Fe-9.0Cr1.0Mo-0.6Si-0.45Mn-0.12C composition, which were developed earlier, the additional chromium
was added for corrosion resistance. Since then, there has been a continuous push to increase the
operating temperatures of conventional fossil-fired power-generation systems. This led to the
development of several generations of steels with improved elevated-temperature strengths. Table
1-1 shows examples of different grades of Cr steels. Three generations of steels have been
introduced since the introduction of T22 and T9, and a fourth one is under the development stage
(Table 1-2). Steels beyond the zeroth generation contained mainly 9–12 % Cr for improved
corrosion and oxidation resistance for elevated-temperature operating conditions [2]. These
generations are described as follows:
__________
*Grade T22 and the other commercial steels discussed here (Table 1) are given designations by ASTM (e.g., Grade 9 is
9Cr-1Mo and Grade 91 is modified 9Cr-1Mo). The steels are further distinguished as T22 or T91 for tubing, P22 and P91
for piping, F22 and F91 for forgings, etc.
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Table -1. Composition of Commercial and experimental Cr-Steels (wt %) [2]
Steel
2.25Cr-1Mo
(T22)
2.25Cr-1.6WVNb
(T23)
2.25Cr-1MoVTi
(T24)
ORNL 3Cr-WVTa
9Cr-1Mo (T9)
Mod 9Cr-1Mo
(T91)
E911
NF616 (T92)
MANET 1
12Cr-1MoV
(HT91)
12Cr-1MoWV
(HT9)
HCM12
TB12
TB12M
HCM12A
(T122)
NF12
SAVE12

C

Si

Mn

Cr

Mo

0.15

0.3

0.45

2.25

1.0

0.06

0.2

0.45

2.25

0.1

0.05

0.3

0.5

2.25

1.0

0.1
0.12

0.14
0.6

0.5
0.45

3.0
9.0

1.0

0.1

0.4

0.4

9.0

1.0

0.11
0.07
0.14

0.4
0.06
0.4

0.4
0.45
0.75

9.0
9.0
10.0

1.0
0.5
0.75

0.2

0.4

0.6

12.0

1.0

0.2

0.4

0.6

12.0

1.0

0.1
0.1
0.13

0.3
0.06
0.25

0.55
0.5
0.5

12.0
12.0
11.0

0.11

0.1

0.6

0.08

0.2

0.1

0.3

W

V

Nb

B

1.6

0.25

0.05

0.003

0.25
3.0

1.0
1.8

0.004

N

Others

0.03

0.07 Ti

0.25

0.1 Ta

0.2

0.08

0.2
0.2
0.2

0.08
0.05
0.15

0.05
0.004
0.009

0.07
0.06
0.02

0.9 Ni

0.25

0.5 Ni

0.5

0.25

0.5 Ni

1.0
0.5
0.5

1.0
1.8
1.8

0.25
0.2
0.2

0.05
0.05
0.06

0.004

0.03
0.06
0.06

12.0

0.4

2.0

0.25

0.05

0.003

0.06

0.5

11.0

0.2

2.6

0.2

0.07

0.004

0.05

0.2

11.0

3.0

0.2

0.07

0.04

0.1 Ni
1.0 Ni
1.0Cu
0.3Ni
2.5Co
3.0Co
0.07Ta
0.04Nd

a.1.1. The first generation
Along with the increased chromium content of T22 and T9 (0th generation), they were alloyed
with the carbide formers vanadium and niobium to improve their precipitating strengthening. In
some cases, a small tungsten addition was made for further solid solution strengthening in
addition to that provided by molybdenum. These steels, introduced in the 1960s for applications
to 565 ºC, included 2.25Cr-1MoV, HT9 (X20CrMoWNiV 12 1), HT91 (X20CrMoNiV 12 1), and
EM12 (X10CrMoMnNbV 9 2 1).
These steels, which were considered for fast reactor applications in the 1970s, had increased
the 105 h rupture strengths at 600 ºC up to 60 MPa. Generally, the microstructures of the 9-12 %
Cr steels are designed by balancing austenite and ferrite stabilizers to produce 100 % austenite
during austenitization and 100 % martensite during normalizing (air cooling) or quenching
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treatment following austenitization, although a small amount of δ-ferrite (< 1 %) may be present
in some cases, especially in the 12 % Cr steels [2].
Table -2. Evolution of Ferritic/Martensitic Steels for Power-Generation Industry [2]
Generation Application
Number
Period
0

105 h
Rupture
Strength,
600 ºC
(MPa)
40

Steel
Modification

1940-60

1

1960-70

Addition of
Mo, Nb, V to
the simple
Cr-Mo steels

2

1970-85

Optimization
of C,Nb,V, N

3

1985-95

4

Future

Partial
substitution of
W for Mo &
add. of Cu,N,B
Increase of W,
Add. of Co

Steel
Grades

Max.
Application
Temperature
(ºC)

T22, T9

520-538

60

EM12,
HCM9M,
HT9, HT91

565

100

HCM12,
T91,
HCM2S

593

140

NF616,
E911,
HCM12A

620

180

NF12,
SAVE12

650

a.1.2. The second generation
This generation is developed in 1970 –1985, carbon, niobium, and vanadium were optimized,
nitrogen (0.03–0.05 %) was added, and the maximum operating temperature increased to 593 ºC.
The new steels included T91 (X10CrMoVNb 9 1) and HCM12 (X10CrMoWVNb 12 1 1), which
has a duplex structure (tempered martensite and δ-ferrite). These steels have 10 5 h rupture
strengths at 600 ºC of about 100 MPa. Out of these latter steels, T91 has been used most
extensively in the power-generation industry throughout the world [2].
a.1.3. The third generation
It was developed based on the previous generation, primarily by the substitution of tungsten
for some of the molybdenum, although boron and nitrogen were also utilized. These steels, are
typified by NF616 designated by P92 (X10CrWMoVNb 9 2), E911 (X11CrMoWVNb 9 1 1),
TB12 (X10CrWNiMoVNbN 12 2 1), and HCM12A designated by P122 (X12CrWCuMoVNbN
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11 2 1). They were developed and introduced in the 1990s for 620 ºC operations with 105 h creep
rupture strengths of 140 MPa at 600 ºC [2].
a.1.4. The fourth generation
The next generation of steels is being developed at present, where the intention is to push
operating temperatures to 650 ºC. These fourth-generation steels, SAVE12 (Fe-11.0Cr-3.0W3.0Co-0.20V-0.07Nb-0.30Mn-0.30Si-0.04N-0.07Ta-0.04Nd-0.10C) and NF12 (Fe-11.0Cr-2.6W2.5Co-0.2Mo-0.2V-0.07Nb-0.50Mn-0.20Si-0.06N-0.004B-0.08C), differ from the previous
generation primarily by the use of up to 3.0 % cobalt; they have projected 10 5 h creep-rupture
strengths at 600 ºC of 180 MPa. The 9Cr steels of the third generation – NF616 (T92), developed
in Japan, and E911, developed in Europe – are both simple modifications of T91. In the NF616,
half the molybdenum was replaced by tungsten, whereas in the E911, 1% W was added to the
T91 composition [2].
Both steels contain slightly more N (0.06–0.07 %) than T91 (≈0.05 %), and the NF616
contains a boron addition (0.004 %). For the fourth generation of high-Cr martensitic steels, two
12 % Cr compositions (12 % Cr is believed necessary for operation above 600–620 ºC),
designated NF12 and SAVE12, are in the development stage in Japan. In these steels with about
0.1 % C, Mo has been further reduced or eliminated, and W (2.6–3.0 %) has been increased
compared to third-generation compositions. Because of the adverse effect of Ni on creep, Co
(2.5–3 %) has been used as an austenite stabilizer instead of Ni. Another reason for using Co
instead of Ni for steel with 0.1 % C is that Ni lowers the A1 temperature [2].

a.2.

Characteristics and advantages of high chromium steels

The Fe–Cr constitutional diagram is shown in Figure 1-1. At compositions near to 9 % Cr,
there is an extensive austenitic region from 820 to 1200 ºC and the two-phase region between
austenite and ferrite has a very narrow temperature range. This means that it is possible to
austenitise the steel and on cooling to produce a practically fully martensitic structure, with
minimal amounts, if any, of delta ferrite, which is generally regarded as detrimental for high
temperature strength properties.
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Figure -2. The (Fe - Cr) constitutional diagram [3]

The high creep rupture strength of the P91 steel relies on the martensitic transformation
hardening with additional strengthening by precipitation of carbides, nitrides and carbonitrides of
Nb and V [3].
There is a world-wide substantial demand to increase the application temperature and design
stresses of advanced creep resistant ferritic-martensitic 9-12 Cr steels to increase the efficiency of
thermal power plants. They show, compared to austenite grades, favorable physical propertieslike good thermal conductivity and low coefficient of thermal expansion coupled with better
service behavior [4].
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a.3.

Creep behavior of steels

Out of many different types of stainless steels, martensitic creep resistant steel grades are
often placed in service at elevated temperatures and exposed to static mechanical stresses (e.g.,
turbine rotors in jet engines and steam generators that experience centrifugal stresses and high
pressure steam lines). Deformation under such circumstances is termed creep that is defined as
the time dependent and permanent deformation of materials when subjected to constant load or
stress, creep is normally an undesirable phenomenon and is often the limiting factor in the
lifetime of a part. For metals creep only becomes important for temperatures greater than about
0.4 Tm (Tm = the absolute melting temperature) [5].

a.4.

Generalized creep behavior

A typical creep test consists of subjecting a specimen to a constant load or stress while
maintaining the temperature constant; deformation or strain is measured and plotted as function
of elapsed time. Constant stress tests are employed to provide a better understanding of the
mechanisms of creep. Figure 1-3 is a schematic representation of the typical constant load creep
behavior of metals. Upon application of the load there is an instantaneous deformation, as
indicated in the Figure, which is mostly elastic [5]. The resulting creep curve consists of three
stages:
a.4.1. The primary or transient stage
This stage indicates a continuously decreasing creep rate. This suggests that the material is
experiencing an increase in creep resistance or strain hardening (deformation becomes more
difficult as the material is strained due to the increasing of the dislocation density) [5].
a.4.2. The secondary or steady state creep stage
In this stage the creep rate is constant due to the balance between strain hardening and
recovery (softening) processes; that is the plot becomes linear [5].
a.4.3. The tertiary stage
It shows an acceleration of creep rate, followed by the material rupture that result from
microstructural and/or metallurgical changes such as grain boundary separation and the formation
of voids, cavities and cracks.
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Figure -3. Typical creep curve of strain versus time at
constant stress and constant elevated temperature [5]
For metallic materials most creep tests are conducted in uniaxial tension using a specimen
having the same geometry as for tensile tests. Possibly the most important parameter from a creep
test is the slope of the secondary portion of the creep curve (Δε/Δt) that is termed the minimum or
steady state creep rate and is considered as the design parameter for long life applications [5].
a.4.4. The minimum creep rate
The minimum secondary creep rate is of most interest to design engineers, since failure
avoidance is required and in this region some predictability is possible. In the USA two Standards
are commonly used: (i) the stress to produce a creep rate of 0.0001 % per hour (1 % in 10,000
hours). (ii) The stress to produce a creep rate of 0.00001 % per hour (1 % in 100,000 hours or
approximately 11.5 years). The first requirement would be typical of that for gas turbine blades,
while the second for steam turbines [6].

a.5.

Stress and temperature effects

Both temperature and the level of the applied stress influence the creep characteristics as it is
shown in Figure 1-4. At a temperature subsequently below 0.4 Tm and after the initial
deformation, the strain is virtually independent of time. With either increasing stress or
temperature, the following will be noted:
1 - The instantaneous strain at the time of stress application increases.
2 - The steady state creep rate is increased.
3 - The rupture lifetime is diminished [5].
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Figure -4. The Influence of stress σ and temperature T on creep behavior [5]
The results of creep rupture tests are most commonly presented as the logarithm of stress
versus the logarithm of rupture lifetime. Figure 1-5 is one such plot for a nickel alloy in which a
linear relationship can be seen to exist at each temperature. Empirical relationships have been
developed in which the steady state creep rate ε as a function of stress (σ) and temperature is
expressed. Its dependence on stress can be written as:
.

(-1)

ε = K1 σ n
Where K1 and n are material constants [5]

A plot of the logarithm of ε versus the logarithm of σ yields a straight line with a slope of n;
this is shown in Figure 1-6 for a nickel alloy in three temperatures.
Now when the influence of temperature is included, ε is expressed as follows:
.
 Q 
ε = K 2 σ n exp − c 
 RT 

(-2)

Where K2 and Qc are constants, Qc is termed the activation energy for creep, R is the gas
constant and T is the absolute temperature in degrees Kelvin.
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Figure -5. Logarithm of stress versus logarithm of rupture lifetime
for a low carbon – nickel alloy at three temperatures [5]
Several theoretical mechanisms have been proposed to explain the creep behavior for various
materials; these mechanisms involve stress induced vacancy diffusion, grain boundary diffusion,
dislocation motion and grain boundary sliding. Each leads to a different value of the stress
exponent n in equation (1-1) [5].

Figure -6. Logarithm of stress versus logarithm of steady-state creep
rate for a low carbon – nickel alloy at three temperatures [5]

a.6.

Creep damage and creep fracture

During creep, damage, in the form of internal cavities, accumulates. The damage first appears
at the start of the Tertiary Stage of the creep curve and grows at an increasing rate thereafter. The
shape of the tertiary Stage of the creep curve (Figure 1-3) reflects this: as the cavities grow, the
section of the sample decreases, and (at constant load) the stress goes up. Since the creep rate ε
increases with σn, the creep rate goes up even faster than the stress does (Figure 1-7) [6].

12

Figure -7. Creep damage in materials [6]
It is not surprising - since creep causes creep fracture - that the time-to-failure, tf is described
by a constitutive equation which looks very like that for creep itself:

Q

t f = A' σ − m exp RT

(-3)

Here A', m and Q are the creep-failure constants, determined in the same way as those for
creep (the exponents have the opposite sign because tf is a time whereas ε is a rate). In many
high-strength alloys this creep damage appears early in life and leads to failure after small creep
strains (as little as 1 %). In high-temperature design it is important to make sure:
(a) That the creep strain during the design life is acceptable
(b) That the creep ductility (strain to failure) is adequate to cope with the acceptable
(c) That the time-to-failure at the design loads and temperatures is longer (by a creep strain
suitable safety factor) than the design life [6].

a.7.

Creep mechanisms of metals

a.7.1. Dislocation creep (giving power-law creep)
The stress required to make a crystalline material deform plastically is that needed to make
the dislocations in it move. Their movement is resisted by, the intrinsic lattice resistance and the
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obstructing effect of obstacles (e.g. dissolved solute atoms, precipitates formed with undissolved
solute atoms, or other dislocations). Diffusion of atoms can 'unlock' dislocations from obstacles
in their path, and the movement of these unlocked dislocations under the applied stress is what
leads to dislocation creep.
How does this unlocking occur? Figure 1-8 shows a dislocation which cannot glide because a
precipitate blocks its path. The glide force τb per unit length is balanced by the reaction from the
precipitate. But unless the dislocation hits the precipitate at its mid-plane (an unlikely event) there
is a component of force left over [6].

Figure -8. The climb force on a dislocation [6]
It is the component τb tan θ (θ is the inclination angle of the reaction force of the precipitate
τ0), which tries to push the dislocation out of its slip plane. The dislocation cannot glide upwards
by the shearing of atom planes but the dislocation can move upwards if atoms at the bottom of
the half-plane are able to diffuse away. A mechanical force can do exactly the same thing, and
this is what leads to the diffusion of atoms away from the measuring of the creep property
'loaded' dislocation, eating away its extra half-plane of atoms until it can clear the precipitate. The
process is called climb, and since it requires diffusion, it can occur only when the temperature is
above 0.3 Tm or so (Figure 1-9) [6].
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Figure -9. How diffusion leads to climb [6]
Climb unlocks dislocations from the precipitates which pin them and further slip (or 'glide')
can then take place (Figure. 1-10). Similar behavior takes place for pinning by solute, and by
other dislocations. After a little glide, of course, the unlocked dislocations jump into the next
obstacles, and the whole cycle repeats itself [6].

Figure -10. How the climb-glide sequence leads to creep [6]
This explains the progressive, continuous, nature of creep, and the role of diffusion, with
diffusion coefficient:

Q

D = D 0 exp − RT

(-4)
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that explains the dependence of creep rate on temperature, with Equation (1-2). The
dependence of creep rate on applied stress σ is due to the climb force: the higher σ, the higher the
climb force τb tan θ, the more dislocations become unlocked per second, the more dislocations
glide per second, and the higher is the strain rate [6].
a.7.2. Diffusion creep (giving linear-viscous creep)
As the stress is reduced, the rate of power-law creep Equation (1-2) falls quickly, but creep
does not stop; instead, an alternative mechanism takes over. As Figure 1-11 shows, a polycrystal
can extend in response to the applied stress (σ) by grain elongation; here, σ acts again as a
mechanical driving force but, this time atoms diffuse from one set of the grain faces to the other,
and dislocations are not involved. At high T/Tm, this diffusion takes place through the crystal
itself, that is, by bulk diffusion. The rate of creep is then obviously proportional to the diffusion
coefficient D, and to the stress σ (because σ drives diffusion in the same way that dc/dx does in
Fick's Law); and the creep rate varies as l/d2 where d is the grain size (because when d gets larger,
atoms have to diffuse further). Assembling these facts leads to the constitutive equation:

− Q / TR

.
D
C '.σ . exp
ε= C σ =
d2
d2

(-5)

where C and C' = CDo are constants. At lower T/Tm, when bulk diffusion is slow, grain-boundary
diffusion takes over, but the creep rate is still proportional to σ. In order that holes do not open up
between the grains, grain-boundary sliding is required as an accessory to this process [6].
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Figure -11. How creep takes place by diffusion [6]

a.8.

Regeneration of creep properties

To re-obtain the mechanical properties (especially the creep strength) for components that are
on operation at elevated temperature in power plants, and in order to extend the reliable operation
time of these components, a well known practical method called regeneration heat treatments can
be applied. This method was proposed since many years by the Department of Materials Science
and Engineering at the Budapest University of Technology and Economics through a research
made by a team led by Prof. Janos Ginsztler. In this type of regeneration heat treatment, such
components are heat treated many times (mostly on the site) to restore their mechanical
properties. The treatment process is applied to the component within the period of its lifetime in
which the voids of the component do not start to coalescence [7, 8]. The main objectives of this
method are to extend the lifetime of the component and reduce it's life-cost.

a.9.

Discussion

Due to the expected increasing world-wide demand for energy in the twenty-first century,
research works started since decades and still going on to improve the performance efficiency of
power industry. Most of these researches were focused on the development of 9-12 % Cr steels
due to their higher creep strength at elevated temperatures. Since the 1960s the operating
temperature of these steels was 565 ºC, and then it reached 600 ºC in the 1990s. Currently it is
intended to push it to 650 ºC. Through these researches, the content of many alloying elements
were modified. Tungsten was one of these elements which was added with small amounts in the
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1960s and then raised to (1-3 %) in the advanced 9-12 % Cr steels because of its significant
improvement of creep strength for these steels.
When a material is exposed to a static mechanical load at elevated temperatures, then the
deformation under such circumstances is termed creep which is defined as the time dependent
and permanent deformation of materials when subjected to constant load or stress. Both
temperature and stress influence the creep characteristics, at a temperature subsequently below
0.4 Tm (Tm is the absolute melting temperature) and after the initial deformation, the strain is
virtually independent of time. With either increasing stress or temperature, the steady state creep
rate is increased, and consequently the rupture lifetime is diminished. Creep strength is the most
important property of materials that are used at elevated temperatures. Due to this fact many
researchers and engineers are focusing their investigation works on the study of this property.
Creep occurs in several theoretical mechanisms that have been proposed to explain the creep
behavior for various materials; these mechanisms involve stress induced vacancy diffusion, grain
boundary diffusion, dislocation motion, and grain boundary sliding.
Chapter 2 will demonstrate the different testing techniques for assessment and measuring of
creep properties of materials.
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2. Techniques of creep testing and assessment of creep strength
The creep test is conducted using a tensile specimen to which a constant stress is applied,
often by the simple method of suspending weights from it. Surrounding the specimen is a
thermostatically controlled furnace, the temperature being controlled by a thermocouple attached
to the gauge length of the specimen. The extension of the specimen is measured by a very
sensitive extensometer since the actual amount of deformation before failure may be only two or
three per cent. The results of the test are then plotted on a graph of strain versus time which is
known as the creep curve.

Figure -12. A chart illustrating the most used methods for creep testing
The test specimen design is based on a standard tensile specimen. It must be proportional in
order that results can be compared and ideally should be machined to tighter tolerances than a
standard tensile test piece. In particular the straightness of the specimen should be controlled to
within some 0.5 % of the diameter. A slightly bent specimen will introduce bending stresses that
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will seriously affect the results. The chart in Figure 2-1 illustrates the most currently used creep
testing methods [9]. These methods are briefly described as follows:

2.1.

Conventional tensile creep testing

In this type of creep testing, a constant load is applied to a tensile specimen maintained at a
constant temperature. Strain is then measured over a period of time. The creep test is usually
employed to obtain the minimum creep rate of the tested material in Stage II from the slope of the
creep curve at this stage. Engineers need to account for this expected deformation when
designing systems.
Creep tests in practice are more complicated. Temperature control is critical (fluctuation must
be kept to (0.1 to 0.5 °C). Resolution and stability of the extensometer is an important concern
(for low creeping materials, displacement resolution must be on the order of 0.5 μm).
Environmental effects can complicate creep tests by causing premature failures unrelated to
elongation and thus must either mimic the actual use conditions or be controlled to isolate the
failures to creep mechanisms. Uniformity of the applied stress is critical if the creep tests are to
interpreted [9]. Figure 2-2 shows a set of testing machines that can be used for both creep and
stress rupture tests [10].

Figure -13. A set of lever arm testing machines used for both creep and stress rupture tests [10]

20

2.1.1. Hyperbolic-weight constant-stress method
An early application of this method in creep test was the use of a hyperbolic weight by
Andrade in which load was reduced with extension of the specimen as the weight was lowered
into a liquid (Figure 2-3). The required shape of the weight is given by an equation of a
hyperbola:

y=

M L0 1
.
ρπ L+ x

(-6)

Where M is the mass of the load, L 0 is the initial length of the wire, and ρ is the density of the
liquid which is usually water [11].

Figure -14. Hyperbolic-weight constant-stress apparatus [11]
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2.1.2. Balanced beam with cams
This is more convenient and useful method that uses a balanced beam with shaped cams in
which a beam PH is supported by a knife B and carries two plates F and C, one at each end as
shown in Figure 2-4 . The plate C has a grove along its outer edge HK; the profile HK is an arc of
a circle of center B. D is a thin steel wire resting in a grove that is fixed to the adjusting screw E.
The lower end of D is attached to the upper end of the wire to be attached. F is the second plate in
the grove of which lies a thin steel wire supporting a weight W. The profile of the bottom of the
grove PQR is made such that the moment of the weight W about the axis trough B is inversely
proportional to length of the wire undergoing stretch, which will make the stretching force
proportional to the cross section of the wire [11].

Figure -15. Balanced beam with cams for creep testing [11]
2.1.3. Constant stress test for use with low forces
This type of testing has been developed to eliminate the frictional effect of hinges or
bearings. Modifications of this type (such as the one shown in Figure 2-5) were designed to
achieve the accurate maintenance of constant stress when forces as low as 0.1 N are involved. To
balance the mass of the cam about the point of the suspension and thereby ensure that the only
force on the specimen is the applied force due to the mass M, the counter-mass C is necessary.
With the modified suspension, the cam profile equation becomes:

r=

( r 0 − R ) L0 +
L 0 + 2R ( θ − θ 0 )

R
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(-7)

For the apparatus shown in Figure 2-5, the lower limit is 0.1 N, which corresponds to 5.0
KPa if the specimen diameter is 5 mm. Thus, the apparatus is suitable for use at small stresses,
such as may be encountered in studies of plastic flow in temperatures close to the melting point
[11].

Figure -16. Constant stress testing system for use with low forces. A, specimen; B, double cam;
C, counter-mass; D, pulley for counter-mass; E, hollow cylinder from which specimen is
suspended; F, force cell; G, displacement gage; H, loaded mass pan; l, hydraulic ram [11]

2.2.

High-temperature constant-stress compression creep testing

The apparatus shown in Figure 2-6 is used for this type of creep testing. The following
equation ensures maintenance of constant stress:

L3 =

L1 L 2
L

(-8)

Where L1, L2, and L3 are the distance between the various knife edges, and L is the sample
length. Two knife edges provide the fulcrum for the lower arm, another supports the weight pan,
and a fourth applies the force to the lower ample push rod. When the load pan support columns
are vertical, the frame acts as a simple fulcrum to apply a force on the lower push rod that is
greater than the force on the weight pan by a factor of L2/L1. When the sample deforms, the frame
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tilts backward, and the columns are no longer vertical. This movement which is proportional to
the present L3 and the amount of deformation increases the force applied to the

Figure -17. Knife-edge configuration for constant-stress compression creep testing [11]
pushing rod and also to the sample, the increase in force compensates for the increase in area of
the sample as it is compressed, thus maintaining a constant stress. Shorter samples require a
greater L3 because the area of the sample becomes greater for the same amount of deformation
than for a sample of greater height [11].

2.3.

Stress rupture creep testing

Stress rupture testing is similar to creep testing except that the stresses used are higher than in
a creep test. Stress rupture testing is always done until failure of the material. In creep testing
the main goal is to determine the minimum creep rate in stage II. Stress rupture tests are used to
determine the time to cause failure. Data is plotted in logarithmic scale as it is shown in Figure
2-7. A straight line is usually obtained at each temperature. This information can then be used to
extrapolate time to failure for longer times. Changes in slope of the stress rupture line are due to
structural changes in the material. It is significant to be aware of these changes in material
behavior, because they could result in large errors when extrapolating the data [9].
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Figure -18. A typical logarithmic scale of stress vs.
rupture time for three different temperatures [9]

2.4.

Larson Miller Parameter (LMP)

Design lives of 10 to 30 years are common for the determination of creep properties of steels
used at elevated temperatures. Since one cannot wait this long time to obtain the experimental
data before starting the design, some means of extrapolating the data to long lives is necessary. A
common known method of doing this is the use of time-temperature parameters which relate the
stress and temperature to the time to failure. The most widely used parameter is the Larson-Miller
parameter (LMP), which can be determined by the following formula:

LMP = T [C + log tf]

(-9)

Where C is constant which is approximately equal to 20 for steel, and T is the temperature in
degrees Kelvin while the time to fracture tf is expressed in hours. This parameter is usually
plotted against the stress to obtain a master curve of the creep rupture behavior. By knowing the
LMP for a given stress it is possible to determine the time to failure at a given temperature. By
running experiments at the design stress and a higher temperature, creep rupture will occur in a
reasonable length of time, and the LMP can be found by using Equation (2-4) [12]. An examples
of plotting LMP versus the stress is shown in Figure 2-8 for the heat resistant steel 10ro 9 10 [13].
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Figure -19. A plot of stress vs. LMP for the P22 (10CrMo 9 10) steel [13]

2.5.

New parameters for diffusion of materials

Two new diffusion parameters PD1 and PD2 were introduced by Zoltan Dudas at the Budapest
University of Technology and Economics to give more accurate results compared to LMP. These
new parameters are shown in Equations (2-5) and (2-6) respectively [14].
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Small-punch creep testing

The small-punch creep test (which is also known as the miniaturized disk-bend creep test) is
considered nowadays in many testing laboratories all over the world as a short term creep testing
technique for two main reasons, on one is that it reduces the time for many orders to assist the
creep properties of the tested materials, and second is the using of too small testing samples
which also reduces the cost of the material and sample preparation. This technique can be used
through a short term investigation test to make a comparison of the creep strength of the different
zones for a welded joint. Small-punch creep test was originally developed for estimating the
fracture-appearance transition temperature of metallic materials. This test can also be used to
acquire high-temperature creep data by deforming a supported disk-shaped test specimen with a
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spherical penetrator under constant load. The measured time dependence of the central deflection
is closely related to the creep curves of conventional uniaxial creep test.
Out of many testing techniques, small-punch test is currently used to investigate the
mechanical properties such as creep strength of steels. In the small-punch test as it is shown in
Figure 2-9, a thin circular disk is supported over a recessed hole and forced, under a constant
load, to deform into the hole by means of a spherically shaped punch [15].

Figure -20. Schematic illustration of the small punch die [15]
The central deflection (displacement) of the disk test specimen and its displacement rate are
monitored as a function of time up to the point of failure of the disk. Initially the stresses in the
disk are very high because at the beginning of the test, the load is transferred from the spherical
surface of the punch as a point load onto the flat disk and these stresses are certainly higher than
the corresponding yield stress of the steel at the test temperature. As a result, the disk buckles
rapidly, and a large displacement of the punch occurs within a very short time. Due to the
buckling of the disk the size of the contact surface between the punch and the disk increases
significantly, the stresses in the disk are reduced, and further deformation of the disk occurs only
by creep. It has been demonstrated that the shape of the time dependence curve as measured from
the central deflection of a disc-specimen is qualitatively similar to the shape of creep curves
resulting from conventional uniaxial testing [15]. Small-punch test usually shows a loaddisplacement curve with four distinct stages; elastic and plastic bending, plastic stretching and
instability to fracture. However, the instability stage often disappears for disk bend tests on
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materials with high ductility; because the maximum strain available for this method is limited by
the radius of the lower die [16].

2.7.

Discussion

The assessment of creep properties is an important task for the designing engineers of
materials especially those which are used at elevated temperatures in power generation plants, jet
engines and petrochemical plants. To test the creep properties of materials, there are many
methods that currently applied in the practice. The conventional tensile creep testing method, is a
well known one in the practice since years. The application of this method is too expensive due to
the long time needed for testing and high cost of machines to be used. A short term creep testing
method named "small punch test" is also nowadays applied in many laboratories and workshops.
This method is considered as a technique which saves the time and cost of materials and their
specimens. Since one cannot wait long time to obtain the experimental data before starting the
design, another way is used to extrapolate the data to long lives. The common known method of
doing this is the use of time-temperature parameters which relate the stress and temperature to the
time to failure. The well known parameter is the Larson Miller Parameter (LMP).
Overviews of weldability, welding problems and welding rules as well as a suggested method
to calculate the preheating temperature of welding of creep resistant steels are demonstrated in
chapter 3.

3. Weldability and welding of Cr martensitic creep resistant steels
Weldability is a complicated term which is connected to base materials, type of welded
structure and welding technology as it is illustrated in Figure 3-1.
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Figure -21. Illustration of weldability and its dependent variables [17]
The weldability depends on:
a) Chemical composition of the base material (amount of alloying elements).
b) Heat treatment of base materials.
c) Preliminary plastic deformation (hot or cold forming).
d) Production technology of base materials.
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Weldability is influenced by:
1. Construction of the joint.
2. Geometrical data of the joint.
3. Concentration of stresses in the joint.
4. Thickness of the base material.
5. Form and dimensions of welds [17].

3.1.

Weldability of hardenable and alloyed steels

When hardenable carbon and alloyed steels are to be welded, the primary objective is to
obtain a sound weld and a weldment that exhibits adequate mechanical strength and corrosion
resistance. Thus, discussion of weldability includes factors that lead to the production of
unacceptable discontinuities during fabrication. By far the most common form of cold cracking in
hardenable carbon and alloy steels is hydrogen induced cracking. Plain carbon steels also
experience hydrogen induced cracking, but higher hardenability and HAZ hardness associated
with the higher carbon and/or alloy steels frequently require more precautions during welding to
avoid hydrogen induced cracking. Steels of high carbon content can produce martensite of poor
ductility that can not withstand the shrinkage strains in an arc weld, even in the absence of
appreciable hydrogen interaction. Hot cracking is another problem with these steels that can
occur with the combination of high sulfur, carbon, and nickel together with high restraint. Finally,
stress relief cracking is of concern when welding quenched and tempered steels and heat resistant
steels that contain significant levels of carbide formers such as chromium and vanadium [18].
3.1.1. Avoiding of cold cracking
Generally for high alloyed steels, obtaining a welded joint free of cracks requires preheating
the joint before the welding process starts. The main aim of this preheating is to avoid the cold
cracking caused by the hydrogen induced in the weld and the fast cooling of the joint. The upper
limit of preheating has not to be exceeded in order to avoid the grain growth of the welded
structure. Control of the temperature of a weld can prevent problems related directly to welding,
or can reduce the severity of some effects. In any welded joint, the following problems may arise:
•

Hydrogen-induced cold cracking may occur in the HAZ or possibly the weld metal, of
partially completed weld.
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•

Residual stresses may locally exceed the yield strength of the materials.

•

Restraint or rigidity of the overall structure may contribute to the generation of
reaction stresses transverse to the direction of welding.

•

Heat of welding may produce unacceptably low toughness or mechanical properties in
the weld area compared to the base plate.

Preheating is specified primarily to prevent hydrogen-induced cracking. Preheating reduces
the cooling rate of the HAZ of each weld bead. Slower cooling rates reduce hardness, hydrogen
content in the vicinity of the weld and stresses. Preheating temperature is maintained through out
the welding cycle and is known as the interpass temperature between weld beads. Hydrogen
cracking can occur if the interpass temperature becomes too low. An upper limit on the interpass
temperature also must be maintained because if it becomes great, then excessive grain growth in
the HAZ may result, with a corresponding reduction in mechanical properties [18].
3.1.2. Intermediate heat treatment
In welding thick sections, which are prone to hydrogen-induced cracking, an intermediate
heat treatment sometimes is used to reduce peak hydrogen concentration. The temperature of the
weld zone is increased to 625 °C for approximately 1 h in a typical heat treatment cycle. An
extreme case involves an intermediate heat treatment after each weld bead [18].

3.2.

Weldability of martensitic steels

Martensitic steels are the most difficult grades to weld because they are chemically balanced
to become harder, stronger, and less ductile through thermal treatment like welding process. For
welding of these steels, preheating and postweld heat treatments are mostly necessary to be
applied. Carbon content of the steel is the most important factor in determining whether or not
preheating is necessary (For example, when C > 0.1%, preheating is required). In general, the
usual preheating temperature range of martensitic steels is 200 to 320 °C. The following can be
used to correlate preheating and postweld heat treating practice with carbon contents and welding
characteristics of martensitic steels [18]:
•

Carbon below 0.1 %: Neither preheating nor postweld annealing generally is required.

•

Carbon 0.1 to 0.2 %: preheat to ~ 260 °C, weld at this temperature, and then cool
slowly.
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3.3.

•

Carbon 0.2 to 0.5 %: preheat to ~ 260 °C, weld at this temperature, and then anneal.

•

Carbon over 0.5 %: preheat to ~ 260 °C, weld with high heat input, and then anneal.

Behavior of martensitic steels during welding

In the weld metal and part of the heat affected zone (HAZ), where the α-γ-α transformation
occurred, the proportion of martensite is always considerable; therefore, during welding, a certain
risk of cracking may need to be considered. As a consequence of these arguments, welding
engineers may need to have a general knowledge of the most important microstructural
transformations and the related changes in strength. The quantity of martensite transformed from
austenite depends on the temperature undercooling below the MS. This transformation is almost
independent of the composition, and takes place in all steel grades as shown in Figure 3-2.
Initially, this relationship has a linear characteristic, and it is suggested that this may be
estimated by a straight line by which the transformation is completed at M S – 126 °C. In this case
the volume fraction of martensite is above 90 %, where the transformation slows down and
finishes at approximately Mf = (MS – 190) ±10 °C [19].

Figure -22. The fraction of martensite in the microstructure against the temperature
below MS, 1 - (Carbon steel, C = 0.35 %); 2 - (alloyed steel, 0.2C 12Cr 1Mo) [20]
According to Figure 3-2. when welding is carried out at the preheat temperature MS-25 °C,
approximately 20 % of martensite can be found in the microstructure of previously austenitized
steel, but at MS - 75 °C, the proportion of martensite reaches 60 %. This may mean a 50 °C
difference in preheat temperature increases the martensite concentration up to three times [20].
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3.4.

Calculation of preheating temperature

In order to prevent welding imperfections of the welded joints of these steels an optimum
method for determining the preheating temperature has to be applied. During the last decade,
many investigations have been carried out on this topic and a number of results have been
published. One of these methods was suggested by L. Beres that based on the metallurgical
knowledge and particularly the chemical composition of the steel to be welded. L. Beres and his
co-workers suggested also that the preheat temperature for the martensitic welding of creep
resistant martensitic steels should be equal to the interpass temperature. For 0.2 % carbon content
steels, preheating temperature is calculated by Equation (3-1) [20].
TP0.2 = (MS – 60) ±10 °C

(-12)

While for 0.1 % carbon content steels in the same group, Equation (3-2) is used.
TP0.1 = (MS – 90) ±10 °C
Where MS can be computed using Equation (3-3).
4.2
− 27 Ni − 7.8Mn
C
− 21Cu − 9.5(Cr + Mo + V + W + 1.5Si)
M S = 454 − 210C +

3.5.

(-13)

(-14)

Welding rules

Considering the detail in Figure 3-2, it is possible to derive a regression equation suitable for
estimation of the MS Temperature for any steel grade with very good fit. The suggested equation
[Equation (3-3) where concentrations are in wt %] for the MS Temperature of martensitic creepresistant steels has a good fit which is characterized by the fact that the difference between the
calculated and the measured temperatures is only a few degrees and the correlation coefficient is
very close to 1 (0.9898). Equation (3-3) is suitable even for calculation of the Ms Temperature of
creep-resistant steels and gives very satisfactory results. Table 3-1 contains measured and
calculated Ms Temperatures. The calculated values differ by only a few degrees [20].
Table -3. MS Temperature of three creep-resistant steels [20]
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Steel grade

MS Temperature (°C)
Calculated

Measured

X20CrMoV 12 1

293

300

X20CrMoWV 12 1 1

268

267

X10CrMoV 9 1

368

380

Based on this the correct rule for welding martensitic creep resistant steels is to apply the
preheating calculation formula and the martensitic welding method described in the next two
articles. Figure 3-3 shows the CCT diagram of the steel grade X20CrMoWV 12 1 1 which
indicates that there is no possibility of slow cooling to avoid the formation of 100 % martensite.
This is the problem for welding of this type of steel which is occurred because simple preheating
is not enough to avoid the risk of cracking.

Figure -23. The CCT diagram of the steel X20CrMoWV 12 1 1 [17]

3.6.

Austenitic and martensitic welding methods

If the welding temperature above the MS Temperature is chosen, the previously austenitized
volumes of the joint remain in austenitic (i.e., ductile) condition until the welding operation is
completed. This is the principal idea of austenitic welding. There is no crack susceptibility until
welding ceases, but considerable austenite transforms into martensite during cooling. This
process causes a significant increase in specific volume. As a consequence, high (tensile) residual
stress can result in cracking.
34

When martensitic welding is carried out (welding temperature below MS), some martensite
has already formed during welding. For a correctly selected welding (preheat) temperature, there
is a considerable amount of ductile austenite, which is why the crack susceptibility is quite low.
Moreover, the martensite formed earlier is tempered during welding of subsequent passes.
Another favorable effect is that only a little austenite will transform into martensite during
cooling. Thus, the advantages of martensitic welding, on the one hand, give lower stress levels,
which tend to reduce crack susceptibility; on the other hand, lower preheat temperatures result in
energy savings. Due to its considerable advantages in practice, martensitic welding is commonly
preferred to austenitic welding [20]. In case of simple preheating (without considering the
chemical composition of the base material), especially at low preheating temperature, the cooling
rate of the joint will be higher and results in higher sensitivity of cracking. The practical
application of this case will be introduced in the next chapter.

3.7.

Post weld heat treatment

Post weld heat treatment of welded joints is necessary to improve their microstructures and
consequently the mechanical properties. The post weld heat treatment of welded structures of
steel fabrications is normally carried out to reduce the risk of brittle fracture as follows:
1. Reducing residual Stresses. These stresses are created when a weld cools and its
contraction is restricted by the bulk of the material surrounding it. Weld distortion occurs
when these stresses exceed the yield point. Finite element modeling of residual stresses
is now possible, so that the complete welding sequence of a joint or repair can be
modeled to predict and minimize these stresses.
2. Tempering the weld and HAZ microstructure. The microstructure, particularly in the
HAZ, can be hardened by rapid cooling of the weld. This is a major problem for high
alloyed steels containing chrome and any other constituents that slow down the
austenite/ferrite transformation, as this will result in hardening of the micro structure,
even at slow cooling rates.
If PWHT is to be avoided, stress concentration effects such as, backing bars, partial
penetration welds, internal defects in the weld and poor surface profile, should be avoided [56].
The correct way for PWHT is shown in Figure 3-4.
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Figure -24. A sketch showing the welding stages and the optimal application of the PWHT stage

3.8.

Discussion

Weldability is not a fixed parameter for a given material, but it will depend on joint details,
service requirements, welding processes and facilities available. A substantial number of creepresistant steels are used in the fabrication of nuclear and fossil fuel power stations. These steels
are alloyed with high contents of chromium and molybdenum with the consequence that, after
welding, in spite of air cooling, their microstructure can become quenched to a bainiticmartensitic or fully martensitic structure.
To get crack free welded joints of creep resistant steels, preheating to 200 – 350 °C is
necessary for welding. At the end of welding of these steels, PWHT is usually applied to reduce
the risk of brittle fracture by reducing the residual stresses and tempering the microstructure,
particularly in the HAZ, can be hardened by rapid cooling of the weld. Many investigations have
been carried out and introduced different methods to calculate the preheating temperatures of the
welding processes. One of these methods was suggested by L. Beres that based on the
metallurgical knowledge and particularly the chemical composition of the steel to be welded. If
the preheating temperature is correctly selected, then there is a considerable amount of ductile
austenite, which is why the crack susceptibility is quite low. Moreover, the martensite formed
earlier is tempered during welding of subsequent passes. Another favorable effect is that only a
little austenite will transform into martensite during cooling, which produces a lower stress level
and consequently reduce crack susceptibility. Lower preheat temperatures result in energy
savings. In case of tungsten alloyed creep resistant steels, simple preheating is not enough to
avoid the risk of cracking, and postweld heat treatment is also necessary to be applied to improve
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their fracture toughness. According to Figure 3-1 which indicates that the weldability of materials
is a connection between three main aspects, materials, technology and structure, so that the next
two chapter will focus on the demonstration of the material aspect.
Chapter 4 will describe an overview about the materials of high Cr alloyed steels including
description of advanced martensitic steels and other grades that are currently under researching
for future.

4. Overview of high Cr alloyed steels
The family of the stainless steels comprises a great number of different alloys. They were
each developed to meet specific requirements such as higher corrosion resistance, improved
mechanical properties (such as higher strength, hardness or ductility), metallurgical stability
under the influence of welding heat, and in special cases improved machinability. Since all these
steels contain at least 11.7 % Cr, they are all protected by the passive layer forming
spontaneously on the surface [21]. Generally Stainless steels are divided to the following types:
51. Austenitic steels
52. Ferritic steels
53. Martensitic steels
54. Duplex steels
55. Precipitation hardening steels

4.1.

Martensitic stainless steels

Martensitic stainless steels are essentially alloys of chromium and carbon that are
ferromagnetic and hardenable by heat treatment. The chromium content of these materials
generally ranges from 12 to 18 %, and their carbon content can be as high as 1.2 %. The
chromium and carbon contents are balanced to ensure a martensitic structure after hardening.
Martensitic stainless steels are chosen for their good tensile, creep, and fatigue strength
properties, in combination with moderate corrosion and heat resistances [22].
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Due to the addition of carbon, they can be hardened and strengthened by heat treatment, in a
similar way to carbon steels. They are classed as a hard ferro-magnetic group. The main alloying
element is chromium, with a typical content of 12 – 15 % in the annealed condition, they have
tensile yield strengths of about 275 MPa and so they are usually machined, cold formed, or cold
worked in this condition. The strength obtained by heat treatment depends on the carbon content
of the alloy. Increasing the carbon content increases the strength and hardness potential but
decreases ductility and toughness. The higher carbon grades are capable of being heat treated to
hardnesses of 60 HRC.
Optimum corrosion resistance is attained in the heat-treated (hardened and tempered)
condition. Martensitic grades have been developed with nitrogen and nickel additions but with
lower carbon levels than the traditional grades. These steels have improved toughness,
weldability and corrosion resistance. Examples of martensitic grades are (X30Cr13),
(X20CrNi17-2) as traditional carbon hardenable grades and (X4CrNiMo16-5) as one of the low
carbon / nitrogen grades, and T91 (X10CrMoVNb 9 1) and HCM12 (X10CrMoWVNb 12 1 1) as
9-12 % Cr steel grades [23].

4.2.

Advanced tungsten alloyed steels

As mentioned in chapter 1, new tungsten alloyed steels were developed and introduced in the
1990s through the third generation of the evolution of Cr-steels for power generation Industry.
They were developed and introduced for operating temperature of 620 ºC with 105 h creep
rupture strengths of 140 MPa at 600 ºC. They were developed based on the previous generation,
primarily by the substitution of tungsten for some of the molybdenum, although boron and
nitrogen were also utilized. These steels, are typified by NF616 designated by P92
(X10CrWMoVNb 9 2), E911 (X11CrMoWVNb 9 1 1), TB12 (X10CrWNiMoVNbN 12 2 1), and
HCM12A designated by P122 (X12CrWCuMoVNbN 11 2 1) [2]. According to many previous
researches, tungsten plays an important role to improve the creep strength of martensitic creep
resistant steels such as P92, E911 and similar grades. The W additions contribute to additional
solid solution strengthening of the martensitic matrix. The development line is illustrated in
Figure 4-1 which shows the 100,000 h stress rupture strengths of P9, P91, P92 and E911 at 600
and 650 ºC [3].
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Figure -25. The development of 9 % chromium steels [3]
4.2.1. P92 steel
P92 which is also designated as NF616 (X10CrWMoVNb 9 2) is a development of the now
well established alloy P91, which is modified by reducing Mo content to about 0.5 %, and adding
about 1.7 % W plus 0.005–0.01 % of B [24].
Controlled microalloying in the form of Nb, V, and N is retained. This composition
modification gives rise to very stable carbides and carbo-nitrides which improve long term creep
strength. This steel is designed to operate at temperatures up to 625 °C and it is claimed that high
temperature rupture strengths are up to 30 % greater than for P91 (Table 4-1) [25]. For example
at 600 °C the 100,000 hour creep rupture strength of AISI 422 base material is about 70 MPa
whereas P92 is about 113 MPa. Figure 4-2 shows the CCT diagram of the steel P92 [24].
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Figure -26. The CCT diagram of the steel grade P92 [24]
Figure 4-3 shows the creep rupture strength of P92 steel grade introduced in two new ECCC
evaluations were performed by Alstom and Vallourec & Mannesmann Tubes (V&M) in 1999 on
P92 and E911 steel grades [26]. The use of P92, for example, may allow a ~35 % increase in
allowable stress at 600 °C. This in turn permits a decrease in section thickness, and thereby a
reduction in weight, as well as lower welding costs.
Table -4. Chemical composition, heat treatment and mean creep rupture
strength of the creep resistant steel grades AISI 422, E911 and P92 [25]
Element
C
Si
Mn
P
S
Cr
Mo
Ni
Al
Cu
Nb
Ti
V

Grade 422*
X20CrMoWV 12 1 1
0.23
0.35
0.7
11.6
1.0
0.75
0.25

Grade E911
X11CrMoWVNb 9 1 1
0.09-0.13
0.10-0.50
0.30-0.60
0.020 max
0.010 max
8.50-10.50
0.90-1.10
0.40 max
0.04 max
0.06-0.10
0.18-0.25
40

Grade P92
X10CrWMoVNb 9 2
0.07-0.13
0.5 max
0.30-0.60
0.020 max
0.010 max
8.50-9.50
0.30-0.60
0.40 max
0.04 max
0.04-0.09
0.15-0.25

N
W
B
Normalizing (ºC)
Tempering (ºC)
105 h creep rupture
strength at 600 ºC

1.0
1020-1070
670-750

0.04-0.09
0.90-1.10
0.0003-0.006
1040 min
730 min

0.03-0.07
1.5-2.0
0.001-0.006
1040 min
730 min

70

98 MPa

113 MPa

* From BOHLER Brochure for the creep resistant martensitic steel T504 EXTRA “X20CrMoWV 12 1 1".

Consequently, the through-wall temperature gradients will be lowered, giving a reduction in
the thermal fatigue loading experienced [27]. Figure 4-4 shows the variation in tube wall
thickness of six steel grades for service at 593.5 °C & 320 bar [28].

Figure -27. Creep rupture strength of P92 [26]
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Figure -28. The variation in wall thickness with material grade (with an
internal diameter of 200 mm) for service at 593.5 °C & 320 bar. [28]
4.2.2. E911 steel
The optimization of the E911 composition has improved the creep properties at 600 ºC and
625 ºC; however, the most important improvements are to the oxidation performance. At
temperatures above approximately 600 ºC it is not the creep strength that limits the high
temperature operation of 9 % Cr materials such as E911, but the oxidation rate [29].
From Table 4-2, it is clear that the creep strength of this grade is improved by about 15 %
compared with the W-free steel grade P91. E911 steel (X11CrMoWVNb 9 1 1) has been
developed by the work carried out in Europe.
Table -5. Comparisons of evaluated creep rupture strength
of the creep resistant steel grades P91, E911 and P92 [25]
100,000 h creep rupture strength (MPa)
Temperature (°C)
550
575
600
625
650

Grade P91

Grade E911

Grade P92

150
116
85
62
44

173
134
98
71
-

187
146
113
77
50

This work was part of the COST 501 WP11 project, entitled “Advanced Materials for Power
Engineering Components - High Efficiency, Low Emission Systems”. Its chemical composition
(Table 3-2) is essentially the same as that of P91, except that it contains 1 % tungsten
additionally. E911 and P92 are intended for use in main steam lines. E911 and P92 differ only in
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their molybdenum and tungsten contents, while the molybdenum equivalent (Mo + 1/2 W) of
both steels is nearly the same. The CCT diagram of the steel grade E911 shown in Figure 4-5 is
essentially the same as that of P91 and P92 [30].
The MS and AC1 temperatures as well as martensite hardness are more or less the same for the
three steels, and also the location of the ferrite-carbide transformation nose is comparable to that
of P91 [30]. Figure 4-6 illustrates the creep rupture curves of the W alloyed steel grade P92
which is similar to E911 compared to other three W-free martensitic steels. It is obvious that the
creep strength of P92 is the highest due to the tungsten content in this steel. In other research it
was indicated that tungsten improves the strength of these types of steels by lowering the rate of
coarsening of M23C6 carbides during creep [31].

Figure -29. The CCT diagram for E911 steel [30]
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Figure -30. Comparison of creep curves for W-alloyed
and W-free steel grades tested at 600 ºC [2]

4.2.3. P122 steel
The steel grade P122 (X12CrWCuMoVNbN 11 2 1) was one of the grades having high creep
strength which have recently been developed for boiler pressure parts. P122 have excellent
corrosion resistance and approximately 1.3 times higher creep strength than the steel P91. Figure
4-7 shows the creep properties of P122 crept at 650 °C. This steel has already been used for main
steam pipes, high temperature reheat pipes and headers, as well as SH/RH tubes in modern large
capacity fossil power plants.

Figure -31. Creep rupture properties of P122 type steels crept at 650 °C [32]
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This steel consists of a tempered martensitic structure that is the same as for P91. The
microstructure of the heat affected zone (HAZ) in weldments of this steel is quite complicated
because of the transformation and recovery caused by repeated heat cycles through welding
processes. It is well known that weldments are weaker in creep strength than base metal under
higher temperature and lower stress conditions. Weldments usually fracture at the intercritical
HAZ adjacent to base metal, known as type IV failure, although the failure mechanism has yet to
be elucidated [33].
For P122 the chromium content has been raised to about 12 % in order to improve the
oxidation resistance. The increased chromium content, however, influences the phase stability so
that 0.9 % copper was added to get a nearly fully martensitic microstructure. Due to this P122 is
more preferred for use as boiler components because of its higher strength and oxidation
resistance too [30].

4.3.

Contribution of tungsten to strengthening of creep resistant steels

Some investigators have attributed the superiority of tungsten-bearing steels to an artifact of
the extrapolation from short-time tests. That is, for the short-time tests (10000 h), the tungsten
still contributes to the solid-solution strengthening, and precipitation hardening by Laves phase
contributes to the strength, even though Laves removes tungsten from solution. In a study where
experimental heats containing Mo and W were creep tested, it was found that all the tungstenalloyed heats showed high strength below 10000 h, after which the tungsten-containing steels
declined to the level of P91. In another study, a 1 % W addition to a 10.50 % Cr steel containing
1 % Mo showed an improvement of creep properties, although in another study, the tungsten was
concluded not to have an added effect as a solid-solution strengthener.
The precipitation of the intermetalic Laves-phase (FeCr)2(Mo,W) which forms during
thermal aging and creep, at 600 ºC and above, caused by the presence of tungsten has an initial
strengthening effect, although this is a short-lived effect, since Laves coarsens quickly. For P92
and P91, a greater effect of Laves on the P92 might be expected, because of the larger
molybdenum equivalent (Moeq) before thermal exposure-approximately 1.4 % and 0.9 % for P92
and P91, respectively. It has been suggested that tungsten and molybdenum additions are not
effective beyond a Moeq of 1 %, because they are solid solution strengtheners, and they are
removed from solution by the formation of Laves phase and M 6C by about 104 h. Another
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investigation concluded a Moeq of 1.5 % was optimum. A 2 % W composition similar to P92 was
concluded to be optimum in another study, where it was found that increasing chromium from 9
to 12 % accelerates Laves-phase formation, because higher chromium can replace tungsten in the
M23C6. Solid-solution strengthening by tungsten has been cited most often as the reason tungstencontaining steels are superior to those with just molybdenum, although molybdenum is also
known to be a potent solid-solution strengthener [2].

4.4.

Ferritic and martensitic steels for future

Several investigators have looked beyond the typical Cr-Mo-W-V steels for novel
compositions and processing routes to develop new ferritic and martensitic steels for service to
650 ºC and higher. One such 15 % Cr ferritic steel with a base composition of Fe-0.1C-15Cr1Mo-3W-0.2V-0.05Nb-0.07N-0.003B was alloyed with up to an additional 3 % W and 3 % Co. A
combination of 6 % W and 3 % Co in the steel provided the best strength properties due to the
precipitates (not identified) that formed.
Information on the development of low-carbon (0.002 %) 9Cr-3W-3Co-VNb steel with 0.05
% N has recently been published. Improved creep strength was attributed to nano-sized MX
carbonitrides along prior-austenite grain boundaries and lath boundaries. Another recent
experimental steel development is a carbon-free martensitic alloy. The steel, Fe-11.0Ni-5.0Cr10.0Mo-0.20Ti-0.12Al-0.005B alloy had excellent properties at 700 ºC. All of these steels can
only be considered experimental at this juncture. Oxide dispersion-strengthened (ODS) ferritic
steels are another alternative with the potential of having the advantage of ferritic steel but being
able to push operating temperatures to 650 ºC and beyond. These steels are presently receiving an
ever increasing amount of attention as possible candidate materials for first wall and blanket
structural materials for future fusion reactors and fuel cladding for fast fission reactors. They
have also been considered in the planning for Generation IV reactors, as well as for the
conventional power-generation industry, as they push for operating temperatures beyond 650 ºC.
The first ODS steels consisted of a low-carbon, high-chromium (12–17 % Cr) non-transformable
ferrite matrix with a high number density of small Titania (TiO2) and/or yttria (Y2O3) particles as
the strengthening dispersion. Two early compositions studied extensively were: Fe-13Cr-1.5Mo2.9Ti-1.8Ti2O3 and Fe-13Cr-1.5Mo-2.2Ti-0.9Ti2O3-0.5Y2O3. Elevated-temperature strength is
provided by a dispersion of fine Titania and yttria particles and by χ-phase (70 % Fe, 15 % Cr, 7
% Ti, and 6 % Mo) that forms at grain boundaries.
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Over the last ten years or so, ODS steel development programs have been pursued in France
and Japan, primarily in fast-reactor cladding programs. More recently, programs were begun in
the fusion reactor programs in Japan, Europe, and the United States. A primary objective of these
programs is to solve the problem of the “bamboo-like grain structure and a strong deformation
texture” which gives rise to anisotropic mechanical properties, especially an inferior biaxial
creep-rupture strength.
A second approach to the anisotropy problem is to use a 9–11 % Cr, 2–3 % W base with the
yttria dispersion. The objective here is to develop an equiaxed structure through the austenite-tomartensite transformation when the steel is cooled from the austenitization temperature. This
approach has produced steels with excellent tensile properties and a significant decrease in the
anisotropy. However, the creep-rupture properties were reduced from those of the high-chromium
ODS steels.
The Central Research Institute of the Electric Power Industry of Japan and Kobe Steel Ltd.
has presented information on 12Cr-8Mo and 12Cr-8Mo-0.1Y2O3 steels fabricated for cladding of
metallic fuel for fast breeder reactors. The steels, fabricated by mechanical alloying/powder
metallurgy techniques, were shown “to have two-to-three times the creep-rupture strength of a
conventional X20CrMoWNiV 12 1 (HT9) steel.
Two attempts have been made to produce dispersion-strengthened steels by more
conventional techniques than mechanical alloying/power metallurgy techniques. The first has
good creep strength at 650–700 °C, and it achieves its excellent elevated temperature properties
by dispersion strengthening. The steel, designated A-21 has a nominal composition of Fe-9.5Cr3Co-1Ni-0.6Mo-0.3Ti-0.07C that is strengthened by a fine dispersion of tiny titanium carbides
produced by austenitizing to dissolve all precipitates and then hot working, the austenite
(ausforming) prior to cooling is to form martensite. A final example is the attempt to add a WTiC
carbide directly to molten steel by encasing the carbide in iron as FeWTiC to be added to the
melt. The properties still left a lot to be desired, as the strength for steels containing 1, 3, and 5 %
FeWTiC did not reach those of a base composition without the carbides added [2].

4.5.

Discussion

High Cr steels were developed to meet specific requirements such as higher corrosion
resistance, improved mechanical properties (such as higher strength, hardness or ductility),
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metallurgical stability under the influence of welding heat, and in special cases improved
machinability. The group of martensitic stainless steels belongs to the family of high Cr steel
grades. Due to the addition of carbon, they can be hardened and strengthened by heat treatment,
in a similar way to carbon steels. Low and high Cr alloyed martensitic stainless steels have higher
strengths achieved by thermal treatments. These grades are used for power plant generation
industry and can be exposed to elevated temperature up to 620 °C, while many researches are
currently going on to raise this temperature to over 700 °C.
Chapter 5 is concentrated on the demonstration of the effect of the most important alloying
elements on the mechanical properties of 9-12 % Cr martensitic creep resistant steels.

5. Effect of alloying elements on mechanical properties of 9-12 % Cr
creep resistant steels
Although the overall microstructures of the 9–12 % Cr steels are quite similar for most
compositions that have been developed, it is the compositional changes made over the years that
have resulted in the improved properties [2]. These martensitic creep resistant steels are heattreated to produce a martensitic microstructure that is subsequently tempered to improve their
ductility and creep rupture strength. The treatment consists of austenitization at temperatures
around 1100 °C followed by tempering at around 750 °C. To use these types of steels at elevated
temperatures, they should keep their higher creep strength. Due to this condition, these steels are
alloyed with many elements that contribute to improve the creep strength. Some of these
elements are solid solution strengtheners such as chromium and tungsten, while others are
carbide, nitride or carbonitride formers such as Vanadium Niobium. These carbides, nitrides and
carbonitrides increase the dislocation density and retard their movement which helps these steels
to have better creep strength [3].

5.1.

Effect of carbon

Carbon has a major effect on steel properties. Carbon is the primary hardening element in
steels. Hardness, tensile strength and transition temperature increase as carbon content increases
up to about 0.8 % C, while ductility, impact energy and weldability decrease with increasing of
carbon as shown in Figure 5-1 [34].
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5.2.

Effect of chromium (Cr)

Cr is generally added as a carbide former to steels for improving their hardenability, hightemperature strength, and oxidation and corrosion resistance. It provides little solid-solution
strengthening when added to iron. Cr reacts with carbon to form carbides; the Cr-rich carbides
usually encountered in the 2–12 % Cr steels are M7C3 and M23C6. The latter carbide dominates in
the 9–12 % Cr steels; it forms during tempering and remains present throughout the elevatedtemperature exposure [2].
As a hardening element, Cr is frequently used with a toughening element such as Ni to
produce superior mechanical properties.

Figure -32. Effect of Carbon content on mechanical properties of steels [17]
Cr is strong carbide former. Complex chromium-iron carbides go into solution in austenite
slowly; therefore, sufficient heating time must be allowed for prior to quenching [34].
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5.3.

Effect of tungsten (W) and molybdenum (Mo)

In developing steels beyond T91, W was added to the modified 9Cr-1Mo composition (E911,
HCM12) or substituted for part of the molybdenum (NF616, T23, TB12). Mo was replaced by W
for nuclear considerations in the development of reduced-activation steels for fusion applications.
In this case, W was a natural choice to replace Mo because it was in the same column of the
periodic table and behaved similarly in steel (formed similar-type carbides, etc.). Mo and W are
ferrite stabilizers, and depending on other ferrite and austenite present in steel, the amount must
be limited to avoid the formation of δ-ferrite phase (A solid solution of iron that contains 0.09 %
C as maximum solubility at 1495 °C) which raises the embrittlement of steels. In the tempered
condition, Mo and W are distributed between the solid solution and that incorporated in the M23C6
and MX. They also provide relatively high solid-solution strengthening of steel [2].
Increasing of W-addition to 9-12 % Cr steels improves the creep rupture strength of these
steels. Figure 5-2 shows the creep rupture curves of two W-alloyed steels compared with W-free
alloyed steel. The chemical compositions of these steels are indicated in Table 5-1 [35].

Figure -33. Creep rupture curves of two W-alloyed steels
compared with a W-free alloyed steel [35]
Table -6. The chemical compositions of the steels shown in Figure 5-2 [35]
Steel
A
B
C

C
0.10
0.11
0.10

Si
0.05
0.05
0.05

Mn
0.42
0.18
0.19

Cr
9.1
8.4
8.8

Mo
0.90
0.99
0.49
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W
0.71
1.76

V
0.24
0.15
0.15

Nb
0.041
0.041
0.056

Al
0.01
0.01
0.01

N
0.031
0.031
0.035

Figure 5-3 illustrates the creep rupture strength for 1000 h at 600 °C determined in Figure 5-2
as a function of W addition. [35].
The principal influences of Mo when it is added to steels can be described as follows:
1.

Raises grain-coarsening temperature of austenite.

2.

Deepens hardening.

3.

Counteracts tendency toward temper brittleness.

4.

Raises creep strength and red-hardness.

5.

Enhances corrosion resistance in stainless steel.

6.

Forms abrasion resisting particles [36].

Figure -34. The relation between creep strength and amount
of W-addition in connection with Mo content [35]

5.4.

Effect of vanadium (V), niobium (Nb) and tantalum (Ta)

Vanadium and Niobium are strong carbide, nitride, and carbonitride formers, and in the 9–12
% Cr steels, they are expected to form MX. At one time it was believed that strengthening by V
was caused by the formation of V-carbide. More recent work indicated that the V-rich MX is rich
in nitrogen. The principal functions of V addition to steels can be summarized as follows [36]:
1.

Elevates coarsening temperature of austenite (promotes fine grain).

2.

Increases hardenability (when dissolved).
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3.

Resists tempering and causes marked secondary hardening.

The addition of small amounts of Nb can significantly increase the yield strength and, to a
lesser degree, the tensile strength of steels. Nb can also have a moderate precipitation
strengthening effect. Its main contributions are to form precipitates above the transformation
temperature, and to retard the recrystallization of austenite, thus promoting a fine-grain
microstructure having improved strength and toughness. Ta is generally expected to behave like
Nb [2, 34].

5.5.

Effect of boron (B)

Boron is a surface-active element with a low solubility in ferrite, and it is often used to
increase hardenability. In many of the 9–12 % Cr steels, about 0.005–0.01 % B is added [1]. The
effect of B Addition on the Properties of 9-12 % Cr Power Plant Steels was analyzed in one of
my researching studies in this dissertation. It was concluded that controlled addition of boron
improves the toughness property due to the homogenous recrystalized microstructure of steel
especially in the forged condition. The effect of boron on the mechanical properties of 9-12 % Cr
steels was evaluated in a separate work and introduced in details in the next chapter.

5.6.

Effect of nickel (Ni) and manganese (Mn)

Ni increases the toughness of ferritic/martensitic steels. Although Ni has been the element
most often used to prevent δ-ferrite, other indications have shown that it accelerates precipitate
coarsening, thus lowering long-time creep strength. Ni is added in large amounts, over about 8 %,
to high chromium stainless steel to form the most important class of corrosion and heat resistant
steels. These are the austenitic stainless steels, typified by the grade 18-8, where the tendency of
nickel to form austenite is responsible for a great toughness and high strength at both high and
low temperatures. Nickel also improves resistance to oxidation and corrosion. It increases
toughness at low temperatures when added in smaller amounts to alloy steels. Mn is a weaker
austenite stabilizer than Ni, and it is added to steels to improve hot working properties and
increase strength, toughness and hardenability [2, 37].

5.7.

Effect of cobalt

Cobalt is an austenite stabilizer and increases the toughness of ferritic/martensitic steels. Co
has one advantage over Ni and Mn in that it does not lower the A1 temperature of the steel [1].
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The effect of adding Co on the microstructure of 9 % Cr ferritic steels was studied in order to
explain the drastic difference in creep properties between 3 % Co and Co free steels [38]. It was
concluded in this study that the superior creep properties of 3 % Co steel compared to Co free
one is due to the suppressing of δ-ferrite.

5.8.

Discussion

The main role of adding the alloying elements is to improve the mechanical properties of
steels such as creep strength, hardness, corrosion resistance and toughness at low or elevated
temperatures depending on the service application temperature of the alloyed steel. Many of
alloying elements contribute in the improvement of these properties at elevated temperatures of
creep and heat resistant steels. This improvement can be summarized as follows: Cr is commonly
added to steels to improve their, corrosion resistance, hardenability and high temperature
strength. The addition of W improves the creep rupture strength of 9-12 % Cr steels. Mo raises
grain-coarsening temperature of austenite, deepens hardening, increases creep strength and redhardness and enhances corrosion resistance in stainless steels.
Vanadium addition is beneficial in elevating the coarsening temperature of austenite,
increasing hardenability, resisting tempering and contribution in secondary hardening. B addition
suppresses the occurrence of type IV-cracking in the weld joints of B containing-steels. Another
advantage of B addition to steel is the reduction or elimination of embrittling effects by
protecting of austenite grain boundaries from phosphorus segregation during heat treatment and
service. Retarding the formation of ferrite and pearlite is another effect of B, thus it enables
martensite to be formed during fast cooling. Ni is added in large amounts (over about 8 %) to
high chromium stainless steel to form the most important class of corrosion and heat resistant
steels. Co has been credited with being a solid solution strengthener and beneficial to creep
strength by some investigators. Co has a significant role in contribution to improving of creep
strength of 9-12 % Cr steels and it has one advantage over Ni and Mn in that it does not lower the
A1 temperature of the steel. The analysis of the effects of these alloying elements is demonstrated
here due to their importance for both the designers and the steel manufacturers.
Based on our plan of building up this dissertation, chapters 6 & 7 are connected to the
material aspect. Chapter 6 will describe the effect of aging time and boron addition on the
properties of 9-12 % Cr steels.
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6. Effect of aging time and boron addition on the properties of 8-9 % Cr
steels - outcomes from different experimental investigations
In recent years, the construction of ultra super critical (USC) power generation plants with
higher efficiency has been accelerated by the demand of reducing C02 emission for the protection
of global environment. The USC power plants require new heat-resistant steels with improved
creep rupture strength and steam-oxidation resistance at elevated temperature around 650 ºC.
Over the last few years, extensive studies have been made on 9-12 % Cr ferritic/martensitic heatresistant steels containing W, which are expected to have improved creep rupture strength [39].
These investigations have proved that new ferritic/martensitic steels with a controlled
addition of boron possess excellent creep resistance compared to conventional steels like P91,
P92, P122, etc. This has been attributed to the delay in coarsening of the carbides during creep
owing to partial replacement of carbon by boron in these compounds [40]. These steels are not
modifications of any others; though their structures were designed by using basic metallurgical
fundamentals in an attempt to create steels which combine good corrosion/oxidation resistance
with excellent high temperature creep strength. Their excellent high temperature strength is
thought to be primarily due to a uniform dispersion of very fine particles, which are resistant to
coarsening at elevated service temperatures [41].

6.1.

Experimental procedures

The experimental work of this part of the dissertation covered the investigation of three types
of 8 - 9 % Cr steels that are being used for HP/IP components in power generation plants. Two of
these steels were cast types, and the third one was forged type. Every type of these steels was
divided into four subtypes (subcodes) according to the state of the steel during testing. Some tests
were carried out for basic conditions of steel, and others were performed for aged conditions at
different temperatures and different aging times. Table 6-1 shows these types of steels, some of
their alloying elements, and their conditions at the tests.
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Three types of mechanical tests were carried out to determine the properties of these steels,
Charpy impact tests at different temperatures, tensile tests at different temperatures, and
metallographic tests.

Table -7. Types of the investigated steels and the content of the main alloying elements
Steel

Aging

Aging time

subtype

temp (ºC)

(hrs)

A0 (base)

20

0

A1 (aged)

650

3000

A2 (aged)

650

6000

(alloyed with Co)

A3 (aged)

650

10000

Steel B

B0 (base)

20

0

B1 (aged)

650

2000

B2 (aged)

650

2000

(alloyed with W & B)

B3 (aged)

650

6000

Steel C

C0 (base)

20

0

C1 (aged)

650

3000

C2 (aged)

650

6000

C3 (aged)

650

10000

Steel type

Content of alloying elements (wt %)
Cr

Mo

W

Co

B

Steel A
Cast Steel

Cast Steel

Forged Steel

9.7

8.9

9.5

1.4

0.46

0.45

-

0.9

1.7

1.8

-

1.0

(alloyed with W, B & Co)

6.2.

-

0.003

0.0035

Experimental results

6.2.1. Impact tests
The impact energy KV of steel A increased by increasing aging time at 650 ºC up to 6000
hours (Figure 6-1), and decreased when the steel was aged for 10000 hours. In case of steel B,
KV decreased by increasing aging time at the same aging temperature. As a consequence of the
increase of the KV-values of the steel C, the ductility is the highest among the three investigated
steels (Figure 6-2); this could be attributed to the higher content of boron in this steel. The
difference of KV-values between the base and aged materials up to 6000 hours is greater in case
of steel C than those of the other steels A & B.
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Figure -35. The effect of the aging time on the
KV at 100 °C for the three investigated steels

Figure -36. KV of the three steels aged at 650 °C for 6000 h
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6.2.2. Tensile tests
The specimens were prepared according to the A5-round type. Both the yield and tensile
strength of the steels A & C gradually decreased with increasing aging time as shown in Figure 63, except the sharp drop of the yield strength of the free-boron steel A after aging of 3000 h to
6000 h. Figure 6-4 shows a different effect of the aging time on the elongation % of the two steels
A & C which increased with increasing aging time up to 6000 hours, after that it decreased.

Figure -37. Effect of aging time on the yield & tensile strength of the steels A and C

6.2.3. Metallographic tests
The results of this test were as follows; the micrographs of the steel A showed fine grains of
tempered martensite with carbide precipitations and some δ-ferrite grains as it is shown in Figure
6-5a, in case of steel B the micrographs showed coarse grains of tempered martensite with
carbide precipitations and also some δ-ferrite grains (Figure 6-5b), and fine grains were also
observed for steel C in the micrograph shown in Figure 6-5c. Generally when hardenable steel is
quenched lath martensite grains are produced, and after tempering of these grains, precipitation
process of metallic carbides takes place. These carbides are MC-carbides such as VC & NbC, and
M23C6-carbides such as (Fe, Cr, Mo)23C6, and M26C6 carbides such as (Fe, Cr, Co, V, Nb)26C6.
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Figure -38. Effect of aging time on the elongation % of the steels A and C

Figure -39. Micrographs for; (a) steel A, (b) steel B, (c) steel C

6.3.

Recent studies of the boron effects on 9-12 Cr steels

New ferritic steels that can be used in ultra supercritical fossil power plants operating at
temperatures above 650 ºC are developed worldwide. One of the techniques employed for the
development of the new steels is the controlled addition of boron, and new steels containing
boron are being tested in different countries. Results from these studies have shown that the creep
properties of the newly developed boron-containing ferritic steels are significantly superior to
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those of the more conventional steels like the P91, P92, and P122 steels [40]. Brief description of
the results of some of these studies is demonstrated as follows:
1) Toshiaki and his co-authors, have investigated the effect of B on creep strength in a 9Cr3W base ferritic heat-resistant steel by analyzing creep rate curves and by
characterization of B in precipitates, and they found that the boron content in M23C6
carbides in the vicinity of prior-austenite grain boundaries is relatively higher than that
inside the grains. This suggests that B improves microstructural stability in the vicinity of
grain boundaries through the stabilization of M23C6 carbides and suppresses the
coarsening by enriching B into them. They have also mentioned that the amount of
effectively utilized B is important to improve creep strength and high-temperature
normalizing can increase this property [39].
2) Shaju K. Albert and his colleagues, concluded that the boron-containing steel they
investigated have shown that the presence of boron in the carbides retards coarsening of
these carbides and the recovery of the dislocation substructure. Thus, based on all of these
results, it is concluded that boron is effective in delaying the coarsening of the particles,
which, in turn, delays the dislocation substructure coarsening. It turned out also from
their results that the type IV-cracking is suppressed in the weld joints of this steel [40].
3) Warren M. Garrison, pointed out in his report that boron segregates to grain boundaries
under both equilibrium and non- equilibrium conditions and reduces, or eliminates the
detrimental embrittling effects of such segregating impurities as P, S and others. Thus,
boron protects the austenite grain boundaries from phosphorus segregation during heat
treatment and service [41].
4) Graham Haywood and David Naylor, pointed out that boron has a dramatic effect on the
transformation characteristics and hardenability and it retards the formation of ferrite and
pearlite, thus enabling martensite to be formed during fast cooling [42].
5) P Hofer and his co-workers investigated the boron distribution in various phases such as
M23C6, M6C, MX, and Laves phases in the as-received condition of the steel grade
X18CrMoVNbB 9-1 (B2). They found that the distributions of these carbides are finer in
boron containing steels compared to that of other steels, and these steels show a
pronounced difference in the microstructure evolution that is different from conventional
9-12 % Cr steel, which is reflected by a low minimum creep rate [43].
59

6) El-kashif and his co-authors, investigated the behavior of boron and its effect on creep
strength and microstructure of 9Cr–3W–3Co heat resistant steel that contained 0.02 and
0.05 % N. As it is shown in Figures 6-6 & 6-7, they concluded that for as-received steels,
increasing the B content in 0.05 % N steels shows remarkably lower creep rupture
strength. On the other hand, they found that the increasing B content in 0.02 % N steels
shows higher creep strengths [19].

Figure -40. Creep curves for boiler steels
B1(0.001 % B) & B2(0.005 % B) containing
0.05 % N [19]

Figure -41. Creep curves for boiler steels
B1(0.001 % B) & B2(0.005 % B) containing
0.02 % N [19]

They also observed that when fixing the N content at 0.02 % for rotor steels (B3, B4, and B42), the creep life increases by increasing the B content, but in case of boiler steels there is a
limited increase in the creep strength as a result of controlled heat treatment where they applied
lower tempering temperature for these steels, Figure 6-8 shows these observations [19].
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Figure -42. Creep curves of controlled heat-treated boiler and rotor steels [19]
7) The controlled addition of B to high Cr heat resistant steels was also studied by Toshiaki
Horiuchi and his co-workers and their results were as follows:
1 - Boron shifts the transition from the transient to the acceleration creep to longer
times, resulting in a great decrease in minimum creep rate and hence longer creep
lives.
2 - Boron improves microstructural stability in the vicinity of grain boundaries
through the stabilization of M23C6 carbides and suppresses the coarsening by
enriching B into them [39].

6.4.

Effect of heat treatment on the creep strength of high Cr-steels

Concerning the study of effect of this process on the creep strength of high Cr steels, Katsumi
Yamada and his co-workers investigated three types of ferritic steels that were heat treated in two
ways, normalized & tempered (NT), and quenched & tempered (QT). They found that dominant
precipitation behavior changed with cooling rate from normalization temperature before
tempering and better creep properties have been obtained in the steels quenched than in the aircooled ones as it is indicated in Figures 6-9 and 6-10.
It is confirmed that precipitation of M23C6 is suppressed and total fraction of MX is relatively
increased by the quenching procedure. It is thought that the better creep resistance is mainly due
to fine distribution of MX that is achieved by suppressing typical co-precipitation of MX such as
Nb(C,N)–VN during cooling after normalization and tempering [44].
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Figure -43. Changes in creep strain with
respect to time for NT and QT
steels at 650 ºC/120 MPa [44]

6.5.

Figure -44. Changes in creep rate with
respect to strain for NT and QT
steels at 650 ºC/120 MPa [44].

Results

6.5.1. Effect of aging time on the impact energy of Cr steels
Generally the impact energy of steels decreases with increasing aging time due to
precipitation processes and increasing of their hardness. The toughness of steel A decreased and
the reason could be the absence of (B & W) additions and the cast condition of this steel. The
toughness of steel B improved because of the presence of B & W additions, while the toughness
of steel C highly improved due to homogenous microstructure of the forged steel, and the
presence of B with W & Co additions all together in this steel.
6.5.2. Effect of aging time on the yield strength and tensile strength of Cr steels
Generally both the yield strength and tensile strength of the steels decrease by increasing
aging time as in the case of steels B & C. Because of the precipitation processes, the situation
changed for the steel A where both increased up to aging time of 3000 hours and then decreased
again by increasing aging time.
6.5.3. Effect of boron addition to Cr steels
Controlled addition of boron improves the toughness property due to the homogenous
recrystalized microstructure of steels especially in the forged condition.
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6.6.

Discussion

Due to the importance of boron to 9-12 % Cr steels, many investigations and studies were
carried out to study the effect of addition of this element on the creep properties of this group of
steels. These investigations have proved that new ferritic/martensitic steels with a controlled
addition of boron possess excellent creep resistance compared to conventional B-free steels. This
has been attributed to the delay in coarsening of the carbides during creep owing to partial
replacement of carbon by boron in these compounds. Their excellent high temperature strength is
thought to be primarily due to a uniform dispersion of very fine particles, which are resistant to
coarsening at elevated service temperatures.
The effect of aging time on the mechanical properties of Cr steels can be summerized as
follows: (1) the impact energy of steels decreases with increasing aging time due to precipitation
processes and increasing of their hardness. (2) the toughness of the free (B & W) steel A
decreased and the reason could be the absence of (B & W) additions and the cast condition of this
steel. (3) the toughness of steel B improved because of the presence of B & W additions, while
the toughness of steel C significantly improved due to homogenous microstructure of the forged
steel, and the presence of B with W & Co additions all together in this steel. (4) both the yield
strength & tensile strength of the steels decrease by increasing aging time as in the case of steels
B & C because of the precipitation processes.

6.7.

Related publications to this chapter and obtained new scientific results

The content of chapter 6 was published in two articles at the Periodica Polytechnica Journal
of the Budapest University of Technology and Economics which are as follows:
1. Y. Elarbi, I. Artinger, " Effect of Aging Time and Boron addition on the properties of
8–9 % Cr Power Plant Steels – Outcomes from Different Experimental
Investigations" Periodica Polytechnica, Ser. Mech. Eng. vol. 50, no. 1, pp. 3–10
(2006), HU ISSN 0324-6051.
2. Y. Elarbi, B. Palotas, " Contributions of Different Factors to the Improvement of the
Creep Rupture Strength of Creep Resistant Martensitic Steels", Periodica
Polytechnica, Ser. Mech. Eng. vol. 51, no. 1.
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From the study of the effect of boron addition on the mechanical properties of the
investigated 8-9 % Cr Steels, it was concluded that the combination addition of boron, tungsten
and cobalt improves significantly the toughness of high Cr steels.
Chapter 7 contains the practical application of Jominy method for testing of hardenability of
martensitic creep resistant steels.
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7. Application of Jominy method for testing of hardenability of
martensitic creep resistant steels
The hardenability of steel is defined as that property which determines the depth and
distribution of hardness induced by quenching from the austenitic condition. The dependence of
hardness upon quenching rate can be understood from the time-temperature-transformation
characteristics of steel. In general, hardenability increases with carbon content and with alloy
content. The most important factor influencing the maximum hardness that can be obtained is
size of the piece being quenched. In a small section, the heat is extracted quickly, thus exceeding
the critical cooling rate of the specific steel and this part would thus be completely martensitic.
As section size increases, it becomes increasingly difficult to extract the heat fast enough to
exceed the critical cooling rate to get the martensitic structure. Hardenability of all steels is
directly related to critical cooling rates [45].

7.1.

The aim of the test

The aim of application of this testing method is for testing the hardenability of martensitic
creep resistant steels. This test was applied on two types of steel grades, one was W-alloyed steel
grade and the other was W-free martensitic creep resistant steel.

7.2.

Materials and experimental procedures

For the application of the Jominy test, two 12 % Cr martensitic creep resistant steel grades
were investigated. Their chemical compositions are indicated in Table 7-1.
Table -8. The chemical compositions of investigated steels
Steel grade
X22CrMoV 12 1
X20CrMoWV 12 1 1

C
Si
Mn
P
S
Cr
0.23 0.35 0.6 0.022 0.003 12.15
0.22 0.36 0.66 0.017 0.003 11.44

Mo
0.99
0.9

W
V
Nb
0.076 0.26 0.031
0.9 0.22 0.035

Ni
0.59
0.69

The hardenability of the investigated steels was measured using Jominy end-face quench test.
The hardness profiles of the two investigated steels are shown in Figure 7-1. These profiles were
obtained immediately after quenching for the steel X22CrMoV 12 1 and after 2 days from the
quenching (because of some technical problems) for the steel X20CrMoWV 12 1 1. Figure 7-2
shows different hardness profiles for the investigated steels compared to the well known typical
profile for hardenable alloyed steels.
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Figure -45. The hardness profiles immediately after quenching for the Wfree steel grade and after 2 days for W-alloyed steel grade

Figure -46. The hardness profile immediately after 2 and 5 days
from quenching for the W-alloyed steel X20CrMoWV 12 1 1
A significant reduction in hardness resulted in within a distance of 10-40 mm from the endface of the Jominy sample for both of the investigated steels. By repeating of the hardness
measurement on the same sample for the W-alloyed steel after 5 days from quenching, most of
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the previous reduction in hardness became less than the previous measurement possibly due to
the self-hardening of the steel as shown in Figure 7-2.

7.3.

Effect of the austenization time on hardness

Another test was carried out to investigate the effect of holding time during austenization on
the hardness profile of the Jominy sample; the resulted profile was almost the same except that
the longer holding time (1h) resulted in a reduction in hardness at a closer distance to the endface of the sample as it is illustrated in Figure 7-3.

Figure -47. Two hardness profiles in two different austenization
times for Jominy samples of the steel X20CrMoWV 12 1 1

7.4.

Comparing the results with literature

From Literatures it was found that similar reduction of hardness profiles of Jominy samples
were found for quenched and tempered Cr-V tool steels tempered in different temperatures as
shown in Figure 7-4 [46].
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Figure -48. The hardness profiles for Cr-V steel showing similar reduction in hardness [46]

7.5.

Measuring of the critical cooling time t8/5 for X20CrMoWV 12 1 1 steel
using Jominy test

The objective of this measurement is to looking for a more simple method to calculate the
preheating temperature of the investigated steel. This method was applied before by B. Palotas
and L. Gyura on the two low alloyed steel grades QStE690TM and 52D. From their application
of this method they proposed that the Jominy hardenability test can be used as the basis for a
reliable and effective determination of the allowed cooling time for any given welding task. They
found that from a given hardness of unalloyed, low-alloyed and micro-alloyed steels, one can
determine what end-face distance will give the allowed cooling time, by following through the
measured relationship between cooling time and end-face distance and the use of the measured
Jominy curve. The critical cooling time t8/5 of a Jominy specimen of the investigated steel was
measured using a pyrometer which was connected to a computer as shown in Figure 7-5.

68

(b)
(a)
Figure -49. The apparatus used for measuring the critical cooling time,
(a) The heat measuring pyrometer, (b) The PC recording the resulted data
The resulted relationship between the cooling time and the distance from end face of this
measurement is shown in Figure 7-6 (the solid curve). Due to the different hardness profile of the
investigated steel compared with the low-alloyed steels, it is clear that this measurement can not
be used to fulfill the aim of its application.
Figure 7-6 shows another curve (dashed line) for the microalloyed steel grade 52D
investigated by B. Palotas and his co-worker. This curve is included for comparison of the critical
cooling time t8/5 for these steels. We suppose that this Figure can be used to assess the critical
cooling time at a given distance from the end-face of a jominy sample for these steels.
This Figure shows that for a given cooling time, the distance from the end-face is longer in
case of the high alloyed steel than in the case of microalloyed grade, and this distance increases
with increasing of the cooling time.
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Figure -50. The relation between the distance from end-face of Jominy
sample and the cooling time t8/5 for two alloy steels, the cooing time is
shown for the minimum hardness on the jominy curve in Figure 8-3

7.6.

Results

1. A different hardness profiles from the well known typical profile of weldable steels were
obtained. A reduction in the hardness profile of Jominy samples of the investigated steels were
resulted in after the application of the hardenability Jominy test.
2. The minimum hardness measured (33 HRC) for the W-alloyed steel X20CrMoWV 12 1 1
was lower compared to the grade X22CrMoV 12 1 (42 HRC).
3. Concerning the effect of holding time during austenization on the hardness profile of the
jominy sample, another test was carried out with 1 h austenization time. The resulted profile was
almost the same (compared with 20 min) except that the longer holding time (1h) resulted in a
reduction in hardness at a closer distance to the end-face of the sample.
4. Figure 7-2 shows that this reduction in hardness has been partly recovered when the
hardness test is repeated after five days from the first hardness test for the grade X20CrMoWV
12 1 1.

7.7.

Conclusions

The analysis of hardenability of martensitic creep resistant steels using Jominy method was
carried out as a part of this dissertation and our conclusions are as follows:
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1. The reduction in the hardness profile of Jominy sample of the investigated steels was
mostly recovered by time possibly due to the self-tempering process occurred in the steel.
2. The extension of the holding time of the austenization stage of the Jominy test has led to
the same reduction in the hardness profile but in a closer distance range (5-15 mm) from the endface of the sample.
3. From literature it was found that the reduction in the profile of hardness for the
investigated martensitic creep resistant steel is similar to the hardness profiles of Cr-V tool steels
after quenching and tempering at different tempering temperatures.
4. The hardness profile of the investigated steels can be considered as a new phenomenon
that needs to be more investigated in future. Advanced microscopical investigations have to be
carried out for more clarification of this phenomenon.
5. From the measurement of the critical cooling time of X20CrMoWV 12 1 1 steel and
comparing its results with a microalloyed steel, it was shown that for a given cooling time, the
distance from the end-face is longer in case of the high alloyed steel than in the case of
microalloyed grade, and this distance increases with increasing of the cooling time.
6. The Jominy test and the measurement of the cooling time (t8/5) proved that the "normal"
preheating methods can not be applied for avoiding of cold cracking for the steel X20CrMoWV
12 1 1, the required t8/5 can be seen in the Figure 3-3 which is more than 1000 sec.

7.8.

Discussion

During the work on this dissertation, a practical application of the Jominy test was carried
out. Two 12 % Cr martensitic creep resistant steel grades (one is alloyed with 1 % W and the
other is W free steel) were investigated. Both the hardness profiles of the Jominy specimens for
the steels showed significant reduction at a distance range of (10-40) mm from the end-face of
the test specimens. This reduction in hardness profile became lower when the hardness test was
repeated after three days from the first hardness test for the steel grade X20CrMoWV 12 1 1. The
reason for this reduction may be attributed to the secondary precipitation hardening and selfhardening processes occurred in the steel. This hardness reduction is a transition condition of this
material, so that it can not be used for preheating calculation. Based on this result, we suggest to
continuo the investigation of the slides of the steel grade X20CrMoWV 12 1 1 using the ETM
probe to clarify in one hand the microstructural changes in the Jominy sample of this steel and on

71

the other hand the reasons for these changes. Due to the fact that W-alloyed steels such as the
grade X20CrMoWV 12 1 1 are martensitic creep resistant material, then the so called
"Martensitic welding" method is the most suitable and should be applied to weld such type of
steels. The precision application of this technique leads to get a sound welded joint free of cold
cracks.
A measurement of the critical cooling time of a Jominy sample for the W-alloyed steel was
applied to look for a more simple method to calculate the preheating temperature. Due to the
different hardness profile of the investigated steel compared with the low-alloyed steels, it is clear
that this measurement can not be used to fulfill the aim of its application.

7.9.

Related publications to this chapter and obtained new scientific results

Most of the contents of chapter 7 were published in the following article:
Y. Elarbi, B. Palotas, " Microstructural changes due to secondary precipitation hardening for
creep resistant martensitic steel X20CrMoWV 12 1 (AISI 422)", Material Science Forum, Vol.
589 (2008), pp 197-202, online at http://www.scientific.net.
From the work of this part we conclude that:
1. The hardness profiles of hardenability that obtained for martensitic creep resistant
steels were Different from those well known typical profiles for other alloyed steels.
2. The reduction in the hardness profiles of martensitic creep resistant steels was
detected during the Jominy hardenability test of these steels. This reduction was
significantly recovered by time, according to our opinion this reduction is occurred
due to the self-hardening property of the steel.
The next two chapters will demonstrate the aspect of the technology which is connected to
weldability; these chapters will include the researching methods used in this dissertation.
Assessment of preheating calculations for a W-free martensitic creep resistant steel are
demonstrated in chapter 8.
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8. Assessment of preheating calculation on X20CrMoV 12 1 martensitic
creep resistant steel
There are many types of martensitic creep resistant steels that are used in manufacturing of
different components of power plants, aircrafts, and petrochemical industry. Nowadays these
types of steels are preferred to be used in such applications due to their higher strength at elevated
service temperatures (up to 650 °C). Before welding of these steels, an applying of suitable
preheating temperature and post weld heat treatment are necessary to avoid cold cracking in the
heat affected zone (HAZ) of the joint and to improve their fracture toughness as well [21]. The
aim of this part of work is to check the crack sensitivity of the investigated high Cr martensitic
steel.

8.1.

Cold crack sensitivity of martensitic creep resistant steels

In case of martensitic steels with 0.2 % C, there is a generally accepted welding rule for
avoiding crack formation that the maximum tensile strength in the joint should not exceed 1000
MPa. To keep tensile strength below 1000 MPa, the preheat temperature may be high enough
such that a minimum of 30 to 35 % elongation is reached, which means that martensite content is
50 % [20].
From the CCT diagram of the martensitic steel (X20CrMoV 12 1) given in Figure 8-1, it is
clear that the avoiding of the cold cracking during welding using the cooling speed effect is not
possible to be practically applied due to the slower cooling rate that needs a longer cooling time
(up to 2.5 hours). From literature we found that the thickness and the heat input factors could not
be considered as effective factors during welding of martensitic steels. Martensitic creep resistant
steels are welded by a so called “Martensitic welding” having preheating temperature below M S
temperature. It means that the weld and the HAZ contain martensite, whose quantity depends on
the difference between the MS and the preheating temperature. In case of a given composition of a
heat, at the appropriate preheat temperature TP (The difference between MS temperature and the
preheating temperature T0), the amount of martensite (M) can be calculated (if the martensite
content is less than 85 %) by Equation (8-1) and Figure 3-2 as well.
M = 0.8 (MS - TP)
Where MS can be computed by Equation (3-3) [20].
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(-15)

Figure -51. The CCT diagram of the creep resistant martensitic steel (X20 CrMoV 12 1) [20]
The main idea/advantage of this type of welding is to get a fraction of austenite in the
microstructure of the joint giving it some ductility for reducing its (tensile) residual stresses. The
optimal preheating temperature is considered as the lowest temperature, at which the steel has
enough toughness to avoid cracking. This temperature depends on the chemical composition and
does not depend on the wall thickness. Based on Equation (8-1) and with referring to Figure 3-2
L. Beres determined Equations (3-1) and (3-2) for describing the relationship between the
preheating temperature T0 and the martensite formation temperature MS of two types of
martensitic creep resistant steels. During the determination of these two equations, L. Beres
Investigated the optimum preheat temperature of martensitic steels by applying tensile tests for
some specimens that are austenitized then cooled to the testing temperature (preheat temp), the
results of this investigation has shown that the suitable martensite content for avoiding cold
cracking is maximum 50 % when the optimal preheat temperature is calculated by the upper
equations. This result can also be verified using Figure 3-2 [20].

8.2.

Checking of the preheating temperature calculation by CTS-test

In this stage of research we investigated practically the application of Prof Beres’s method
for calculation of preheating temperature using the CTS probe. The chemical composition of the
investigated steel grade (X20CrMoV 12 1) is given in Table 8-1.
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Table -9. The chemical composition of the investigated steel
Element

C

Composition (Wt %)

Cr

Mo

V

Nb

Si

Mn

Ni

P

S

0.21 11.23 0.94 0.28 0.005 0.33 0.69 0.64 0.014 0.001

8.2.1. Determination of the preheating temperature
The MS Temperature is calculated using Equations (3-1) and (3-3) as follows:
M S = 454 − 210C +

4.2
− 27 Ni − 7.8Mn − 21Cu − 9.5(Cr + Mo + V + W + 1.5Si)
C

= 454 – 210(0.21) + 4.2/0.21 – 27(0.64) - 7.8(0.69) - 9.5 [11.23 + 0.94
+ 0.28 + 0.04 + 1.5(0.33)]
= 454 – 44.1 + 20 – 17.28 – 5.382 – 123.4 = 284 °C
Then the preheating temperature can be calculated as:
T0 = (284 – 60) =224 °C
8.2.2. Preparation of the test specimens
Each specimen of the three test specimens was assembled by bolting together two 25 mm
thickness base metal pieces of the investigated steel for depositing the fixing welds. This test was
applied according to the available standard (MSZ 4308/6-77). Figure 8-2 shows the preparation
of the CTS sample and the welded joint used by this application. After the deposition of the
fixing welds, the specimen was cooled to room temperature before the bithermal welds, and then
the trithermal welds were deposited. The type of welding electrode that was used in this test is
BOHLER FOX 20MVW.
8.2.3. Welding parameters
1. Preheating temperature = 224 °C
2. Electrode diameter = 4 mm
3. Current = 120 Amperes
4. Heat input = 1.5 KJ/mm
5. Bead length = 75 mm
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8.2.4. Performance of the CTS-Test
The specimens were investigated in different preheating techniques; the first specimen was
locally torch-preheated to 224 °C, the second was furnace-preheated to 224 °C, and the third one
was furnace-preheated at lower temperature (150 °C).

(a)

(b)
Figure -52. Application of the CTS probe, (a) sketch of CTS probe,
(b) the welded specimen used in the practical application of the test
Concerning the test specimens for welding, they were preheated to the desired temperature.
When the preheating temperature of the specimens is reached, immediately the bithermal bead
was applied then the specimens were cooled to room temperature. The specimens were also
heated up again to 224 °C for welding the trithermal bead. After finishing the trithermal bead, the
specimens have been left to be cooled for 48 hours, to be cut into slides for microscopical
investigation as shown in Figure 8-3. Two types of preheating techniques were used to check
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whether there is any difference between them concerning the heat distribution through the
specimen.

Figure -53. A sketch of CTS joint showing the cutting places of samples
From the microstructural micrographs shown in Figure 8-4, it is clear that L. Beres’s method
of calculation of preheating temperature can be correctly applied for the investigated steel
independently on the type of preheating technique. Getting cracks in the joint of this type of steel
may be occurred due to the application of insufficient preheating temperature (150 °C) as it is
indicated in the micrograph of Figure 8-4c.

Figure -54. Microstructures of the investigated specimens (A) In case of torch preheating at
224 °C, (B) In case of furnace preheating at 224 °C, (C) In case of furnace preheating at 150 °C

8.3.

Conclusion

The conclusions of this work are described as follows:

77

1. Beres’s method that used the MS Temperature for calculation of preheating temperature is
correct to be used for welding of the investigated martensitic creep resistant steel
(X20CrMoV 12 1) without cracking, as it is demonstrated in Figures 8-4a and 8-4b.
2. Insufficient preheating temperature as it is indicated in Figure 8-4c proves that preheating
temperature should be correctly determined to avoid the risk of cracking.
3. Comparing of the preheating techniques the authors found that the furnace-preheating and the
torch-preheating techniques produced the same results.

8.4.

Discussion

Before welding of martensitic creep resistant steels, an applying of suitable preheating
temperature is necessary to avoid cold cracking in the heat affected zone (HAZ) of the joint. The
hardenability of steel depends on its chemical composition, with greater quantities of carbon and
other alloying elements resulting in a higher hardenability and thus a lower weldability.
Martensitic creep resistant steels are welded by a so called “Martensitic welding” having
preheating temperature below MS temperature. It means that the weld and the HAZ contain
martensite, whose quantity depends on the difference between the MS and the preheating
temperature. An optimum method to calculate the preheating temperature such as the one
suggested by L. A successful application of this method was carried out in this dissertation using
CTS probe and the results have shown that this method is correct to be applied for martensitic
creep resistant steels.

8.5.

Related publication to this chapter

The contents of chapter 8 were published in the scientific paper:
Y. Elarbi, B. Palotas, "Preheating calculation of Martensitic Creep Resistance Steel" ECCC
Creep conference, “Creep & Fracture in High Temperature Components-Design and Life
Assessment”, 12–14 Sep.2005, p. 1080-1089, London. ISBN 1-932078-49-5.
The weldability and welding of W-alloyed creep resistant steel X20CrMoWV 12 1 1 will be
introduced in details in chapter 9.
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9. Welding of W-alloyed martensitic steel X20CrMoWV 12 1 1
Tungsten alloyed martensitic creep resistant steels are new steel grades that recently have
been developed to be used for components of power plants that are operated at a temperature over
600 °C. From literatures it is found that there is limited information about the weldability and
welding of such type of steel grades. BOHLER has suggested the welding of this steel grade with
the same technology used for W-free steel grades. Based on this, practical investigations were
carried out during the work on this dissertation to check this suggestion. By our information the
welding technology of W alloyed steels was not investigated in the practice.

9.1.

Materials and experimental procedures

The samples used for welding of the investigated steel X20CrMoWV 12 1 1 (BOHLER
T504) were prepared from plates of 20 mm thickness (2D heat conduction) and 45 mm thickness
(3D heat conduction). The chemical composition of the investigated steel is illustrated in Table 91, and its tensile properties are described in Table 9-2.
Table -10. Chemical composition of the investigated steel [47]
Element
Composition
(wt %)

C

Si

0.23 0.35

Mn

Cr

Mo

W

V

Ni

0.7

11.6

1.0

1.0

0.25

0.75

Table -11. The tensile properties of the investigated steel [47]
Rp0,2
(MPa)
640

Rm, (MPa)

A
(%)

Z (%)

At room temperature
850 -1000
13
35

KV
(J)
27

Rp0,2, (MPa)
200 ºC
600

350 ºC
520

450 ºC
460

550 ºC
390

The creep properties of the investigated steel after 105 hours of service are shown in Table 93, and the physical properties of the same steel are given in Table 9-4 [47].

Table -12. The creep strength of the investigated steel after 105 h service [47]
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Creep strength

Property

500 ºC
280 MPa

Creep property for 100000 h

550 ºC
140 MPa

Table -13. The physical properties of the tested steel [47]

7,7
kg/dm3

Specific
heat
460
J/kgK

Thermal
conductivity
30
W/mK

Electrical
resistivity
0,6
Ωmm2/m

Modulus of
elasticity
216
GPa

100 ºC

200 ºC

300 ºC

400 ºC

500 ºC

10,5 m/mK

11 m/mK

11,5 m/mK

12 m/mK

12,3 m/mK

213 GPa

207 GPa

200 GPa

192 GPa

185 GPa

Property

Density

At 20 ºC
At higher
temperature (T)
Thermal expansion
(20° and ...°C×10-6)
Modulus of
elasticity

9.2.

Application of different preheating methods for W-alloyed martensitic
steels

Different welded joints of the W-alloyed martensitic steel X20CrMoWV 12 1 1 were
prepared with different preheating temperatures. 2D and 3D heat conduction states were used for
welding of these joints. The preheating temperature for the martensitic welding method suggested
by L. Beres was calculated for the tested steel using Equations (3-3) and (3-1) respectively as
follows:
M S = 454 − 210C +

4.2
− 27 Ni − 7.8Mn − 21Cu − 9.5(Cr + Mo + V + W + 1.5Si)
C

= 454 – 210(0.22) + 4.2/0.22 – 27(0.69) - 7.8(0.66) – 21(0.06)
- 9.5 (11.44 + 0.9 + 0.22 + 0.94 + 1.5(0.36) = 268 °C
Then the preheating temperature is given as:
T0 = (268 – 60) = 208 °C
The preheating temperature for the austenitic welding method was selected in accordance
with BOHLER suggestion [47], and Figure 3-3. A sketch for the welding processes applied with
different preheating temperatures is shown in Figure 9-1.
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Figure -55. A sketch for the welding processes
applied with different preheating temperatures
Table 9-5 shows the results of the hardness measurements at the heat affected zones of the
welded joints of the martensitic steel X20CrMoWV 12 1 1 (BOHLER T504). These results
showed higher hardness at the HAZ than the allowed level for this type of steel (375 HV) which
increases the risk of cracking in such welded joints.
Figure 9-2 demonstrates the hardness indentations at the HAZ of the sample welded by the
applied welding method. The resulted high level of hardness at the HAZs proves that the PWHT
of the welded joints is necessary to be applied immediately after the end of the welding process
and before cooling the joint to room temperature to avoid the risk of cold cracking of the welded
joint.
This application of preheating methods indicates that the martensitic welding technique
introduced by Prof. Beres is the most suitable method for welding of W-alloyed martensitic steels
and the PWHT is required in order to improve the fracture toughness of their welded joints.

Table -14. Hardness measurements at the HAZs of welded joints
for the steel grade X20CrMoWV 12 1 1 (BOHLER T504)
Reading
No
1

HV10 of the HAZs at different preheating temperatures
Mart. Welding
Mart. Welding
Aust. Welding
225 ºC, 2D
572

225 ºC, 3D
642
81

425 ºC, 2D
542

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

572
640
572
606
606
606
606
572
640
640
606
606
606
572
606
640
640
606
606
606
542

681
642
642
681
642
642
627
665
681
606
606
606
642
642
606
606
627
606
606
665
606

606
606
572
572
606
606
606
572
542
542
606
606
606
572
572
606
572
606
606
572
572

Figure -56. Hardness indentations at the HAZ of 2D welded joint
produced by martensitic welding – preheated to 225 °C

82

9.3.

Application of martensitic welding technique

In this welding process the joint was preheated to a temperature below the MS Temperature of
the investigated steel. This temperature is calculated by the Equations (3-1) and (3-3) introduced
by L. Beres, to be used for this welding technique. The calculated MS Temperature was 268 °C,
so that the preheating temperature was 208 °C. L. Beres has found that preheating of the joint to a
temperature of 60 °C below the MS Temperature, leads to the formation of 50% martensite and 50
% austenite during the welding process. This microstructure reduces the internal stresses at the
weldment, and consequently reducing the risk of cracking. The correct application of this
technique is that after finishing welding, the joint should be slowly cooled to 80 - 100 °C with a
speed of 100 – 150 °C/h and holding time of 4 min/ mm thickness and not less than 30 min. The
risk of cracking is highly increasing if the joint is cooled down to room temperature. The joint is
then has to be tempered immediately from this temperature by heating to 745 – 775 °C with a
speed of 100 – 150 °C/h and holding time of at least 2 hours. After tempering, the joint should be
slowly cooled to temperature less than 400 °C with a speed of 150 – 200 °C, and then the cooling
is continued in air. In case of correct application of this method, the hardness at the HAZ of the
joint will not exceed 240 HV [19, 36]. The different stages of welding by this technique are
demonstrated in Figure 9-3.

Figure -57. Stages of the welding process applied on the welded joint
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9.4.

Application of CTS probe on the investigated steel

CTS (Controlled Thermal Severity) test is a self-restraint cold cracking test designed to
assess the cold cracking sensitivity of the parent metals and the arc welding consumables. The
test consists of depositing of a weld bead on a test sample made of two plates with pre-defined
conditions and to examine transverse cut faces of the weld to detect possible cracks either in the
weldmetal or in the heat affected zone. This test is essentially applied to metal arc welding with
covered electrodes and semi-automatic gas metal arc welding using solid or tubular wires. This
test was applied according to the European standard (EN ISO 17642-2:2005) as it is indicated in
Figure 9-4. Welding of the CTS specimen was carried out according to the following
specifications:
•

Preheating temperature:

200 – 220 °C

•

Interpass temperature:

200 – 220 °C

•

Electrode specification:

A Bohler electrode type FOX 20 MVW (E
CrMoWV12 B 4 2 H5), Ø 4 mm, I = 110 – 120 A,
Lpull-out = 100 mm, q/v = 1.5 kJ/mm.

•

Cooling after welding:

slow cooling to 70 – 90 °C: 100 – 150 °C/h, holding
time of 50 min.

•

Postweld heat treatment:

heating to 720 – 750 °C with speed of 100 – 150
°C/h, for 2 h holding time.

•

Cooling from PWHT:

cooling in a bath of flowing-tap water.
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b.) Welding of the joint

a.) Preparing of the welding joint

c.) Cooling from PWHT
d.) Cutting of test samples
Figure -58. Schematic of the application of the CTS probe
When the welding of the test sample is over, it was cut into 8 sub-samples for micrographic
and hardness tests according to the relative standard. Microscopic investigation was carried out
and showed that there were no any defects or cracks in joint. After microscopic investigation,
four sub-samples (2a, 3b, 6a, and 7b) were selected for application of hardness test according to
the relative standards.
9.4.1. Results
The selected testing points and the results of the test are shown in Figure 9-5. This Figure
shows the maximum hardness number of (348 HV) at the HAZ of the welded joint which is in the
standard range of the investigated steel.
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1
2...
10
Indentations on the sample
Sample number
Indentation
number
2a
3b
6a
7b
1
307
294
332
348
2
304
294
348
332
3
294
294
327
332
4
290
302
320
330
5
304
284
311
323
6
294
302
323
265
7
300
307
325
262
8
288
300
332
255
9
300
296
335
255
10
304
307
332
257
Figure -59. Hardness indentations on the CTS sample and results of the test

9.4.2. Conclusion
From the results of this test, it is clear that the measured hardness was less than 375 HV
which proves that the welding process was correctly applied.

9.5.

Welding procedure specification of the welding process

Table 9-6 indicates the welding procedure specifications of the welding process. A special
technique named "Martensitic welding" was applied to produce the welded joint.
Table -15. Welding procedure specification (WPS) applied in the welding process
Welding Procedure Number
Qualifying Welding Procedure (WPAR)
Welding Process:
Joint Type:
Method of Preparation and Cleaning:
Parent Metal Specification (material number):
Parent Metal Thickness
Welding Position:
Welding Progression:
Joint Design

WPS 01/2007
WPAR 01/2007
Manual Metal Arc Welding (MMAW)
Single Groove Butt Weld
Machine and Degrease
Martensitic creep resistant steel X20CrMoWV 12 1 1
(1.4935)
20 mm
Horizontal Position
Forward welding
Welding Sequences
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Sequence of welding
Size of
Lpull-out
Filler Metal

Number of
passes

Type of
Process

Current A

Type of
Current/Polarity

1

MMAW

4 mm

250

110 - 120

DC-

2

MMAW

4 mm

160

120 - 130

DC-

3-6

MMAW

4 mm

100

130 - 140

DC-

Root re-weld

MMAW

4 mm

160

120 - 130

DC-

Type of Welding Consumables:
Covered electrodes (Bohler Fox 20 MVW)
Preheating & interpass temperature
208 °C
Post-weld heat treatment
710 °C / 2 h
Heating method: Oxy-acetylene torch for welding, and furnace for PWHT
Cooling method From welding in air. From PWHT, in furnace to 400 °C and then continuing in air.

Two (300 × 150 × 20 mm) plates of the investigated W-alloyed steel were used to prepare the
welded joint. During the welding process, the welder followed up all the specifications indicated
in Table 10-6. After welding, the work piece has been slowly cooled to 70 – 90 °C at a cooling
speed of 100 – 150 °C/h, and for a holding time of 50 min. Postweld heat treatment was applied
directly from temperature. In this step the joint was heated to 710 °C at a heating speed of 100 150 °C and a holding time of 2 hours.
The next step was the slow cooling of the joint to 400 °C with a speed of 150 – 200 °C/h,
using an isolation material to slow down the cooling speed, and then the cooling is continued in
air. After welding process has been finished, the joint was X-Ray investigated. The result of the
X-Ray checking showed defected part of 100 mm length of the joint which was cut out and the
rest of the joint was cut into testing samples for different tests as shown in Figure 9-6.

9.6.

Testing of welded joint

The welded joint is cut into testing samples for tensile, bending and hardness testing as
shown in Figure 10-6.
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Figure -60. Illustration of the testing samples cut out from the welded joint
9.6.1. Tensile test
The sample of the tensile test was prepared and tested according to the Standard EN
895:1999. The results of this test are shown in Table 9-7. From these results, it was clear that the
ultimate tensile strength (Rm) of the tested steel is within the specification range of the base
material indicated in Table 9-2.
Table -16. Results of the tensile and bending tests
Tensile test
Property
Joint sample

Rm (MPa)

Z (%)

Place of failure

956

16

Weld bead

Bending test- angle of test
Root side
Main side
bending
bending
180 º
25 º

9.6.2. Bending test
Concerning the bending test, the sample was prepared and tested according to the Standard
EN 910:1996. The results of this test (Table 9-7) showed a weakness in the weld compared with
the base metal, the bending of the root-side of weld was bended to an angle of 180 º without
failure, while in the main side of weld; failure was occurred at a bending angle of 20 º. The place
of failure shows that there is a weakness at the weldmetal of the joint.
The tensile and bending tests showed some successful results, but others were not. In our
opinion the failed ones were happened due to some welding defects. These tests should be
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repeated twice for more accurate results. Due to the shortage of the materials we could not repeat
these tests.
9.6.3. Hardness test of the HAZ
Figure 9-7 shows a macrograph the sample used for measuring the hardness on the HAZ.

Figure -61. A macrograph for the sample used for measuring the hardness on the HAZ
Figure 9-8 shows the testing indentations of the testing sample and the results of the hardness
measurements at the base metal (BM), weld metal (WM) and HAZ of the welded joint.
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Indentation
number
1
2
3
4
5
6
7

Indentation
Place
BM

HAZ

Indentation
number
8
9
10
11
12
13

HV10
296
287
276
282
297
283
289

Indentation
Place
HAZ
WM

HV10
277
289
274
270
264
263

Figure -62. Testing indentations on the sample and the results of the hardness measurements

9.7.

Conclusion

During the investigation of the welding process of the W-alloyed steel X20CrMoWV 12 1 1, the
following conclusions can be introduced:
1. The tests carried out on the investigated steel showed that the application of the
"Martensitic welding technique" suggested by Prof. Beres was correctly applied without any
cracks in the tested part. This means that this technique is optimal to be used for welding of Walloyed steels.
2. These tests proved that the martensitic welding method has to be precisely applied for Walloyed steels in order to avoid any risks of cold cracking.
3. The master curves introduced in another work in this dissertation can also be used to
determine the creep properties of the different zones of the welded joint of W-alloyed steels.
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9.8.

Discussion

Tungsten alloyed martensitic creep resistant steels are new grades that are currently used in
the recently constructed power plants. Generally the welding of this type of steels is quite
difficult and need more attention compared with low and other alloyed steel grades. The so called
"Martensitic welding" technique is a suitable method to be selected to weld W-alloyed
martensitic steels. Based on the successful results of the hardness tests carried our on both the
welded joint used for the analysis of the mechanical properties of this joint, and the CTS test
applied in this work, it is suggested to use this process for welding this investigated steel but the
joint test should be repeated for more mechanical analysis.

9.9.

Related publications to this chapter and obtained new scientific results

The contents of chapter 9 were published in the following article:
Y. Elarbi, B. Palotas, "Volfram otvozesu martenzites melegszilard acelok hegesztese (Welding of tungsten alloyed martensitic creep resistance steels)", Hegesztestechnika, p. 15-20, 2007/4.
From this work two conclusions were outlined:
1. The "martensitic welding" technique worked out by Prof. L. Beres can be used for
welding of the W-alloyed steel X20CrMoWV 12 1 1.
2. The CTS test proved that in the HAZ, the maximum measured hardness was less than
the maximum allowed hardness (375 HV).
The next two chapters will include the demonstration of the aspect of structure, in this aspect
the analysis of the creep properties of creep resistant steels. In chapter 10 we will demonstrate a
practical attempt to analyze the creep properties of a welded joint of the steel X22CrMoV 12 1
using the short term creep testing method called "small punch test".
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10. Application of small punch for creep testing of X22CrMoV 12 1 steel
welds
Small punch testing method is considered as a short term testing technique for assessment of
creep properties of metals and particularly steels. The aim of application of this test is to compare
the creep properties of the different zones (base material, weld metal, and HAZ) for a welded
joint of the investigated steel, at a constant temperature of 600 °C, and under loads of 550 N, 580
N, and 610 N.

10.1. Material and experimental work
The chemical composition of the steel X22CrMoV 12 1 investigated by this test is shown in
Table 10-1. A manual metal arc welding process (MMAW) was applied to join the plates of the
steel using 4 mm diameter electrodes of BOHLER - type (FOX 20 MVW).
Table -17. The chemical composition of the investigated steel (Wt %)
Element
Composition

C
Cr
Mo
V
Nb
W
Si
Mn
Ni
P
S
0.21 11.23 0.94 0.28 0.005 <0.05 0.33 0.69 0.64 0.014 0.001

A welded joint is prepared from two (60 × 40 × 25 mm) plates of the investigated steel using
a method called “Martensitic welding” [48]. The joint was preheated to a temperature of 224 °C
according to the preheating calculation method that was introduced by L. Beres [49].
The experimental part consisted of application of creep tests using small-punch test tool. In
this test, the disc specimens of diameter D = 8 mm and thickness t = 0.5 mm were placed on the
central axis of the lower die of the specimen holder and fixed by the upper die. The ball and the
puncher were inserted into the hole in the upper die of the holder.
During the test a constant load acted on the specimen by means of a hardened steel ball of
diameter d = 2.5 mm. The diameter of the hole was a = 4 mm, and its shoulder radius was R = 0.2
mm. The specimens were heated up by an oven that is connected to an accurate temperature
measuring and controlling unit as shown in Figure 10-1.
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Temperature
control unit
Applied load

Heating oven
Strain
Gage

Figure -63. A photo showing the heating oven and
the die inside it during performing the test

10.2. Results
Because the size of the ball used for punching the specimens into the lower part of the smallpunch die is too small (2.5 mm), and it should be made of ceramic according to some literature,
we could not succeed to get this size of ceramic balls to use them in our testing work. Other
literatures indicated that hardened steel balls are also applicable for this test. Due to the difficulty
of getting the ceramic balls, we used hardened steel balls to perform this test. The test was
applied many times but the deformation of the sample was stopped after a period of time because
of the deformation of the steel ball without reaching the fracture stage of the specimen. Due to
the repetition of the test three times using three hardened steel balls, and encountering a ball
deformation in each trail, we had to stop this test.

10.3. Discussion
For evaluation of the creep properties of creep resistant steels that are often placed in service
at elevated temperatures and exposed to static mechanical stresses, creep tests have to be carried
out. Long term tests such as conventional creep testing either in tension or compression, and
stress rupture test, as well as short term tests such as small-punch test and LMP extrapolation are
the currently applied methods for the assessment of creep properties of these steels. Stress rupture
testing is similar to creep testing except that the stresses used are higher than in a creep test.
Stress rupture testing is always done until failure of the material. In creep testing the main goal is
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to determine the minimum creep rate at the secondary creep stage. Stress rupture tests are used to
determine the time to cause failure. The stresses to produce creep rate of 1 % in 10,000 hours, or
1 % in 100,000 hours are the properties of creep resistant steels that are most important to be
evaluated. The first requirement would be typical for gas turbine blades, while the second for
steam turbines.
Performing long term creep conventional testing takes longer time to get the desired results
and costs a lot for, power, materials, and mechanical preparation of specimens needed for this
type of testing. Small punch test is considered as short term creep testing method for evaluation
of creep properties of steels. Application of this test reduces the testing time and the cumulative
cost of the test performing.
We have tried to investigate the possibility of using the small-punch creep-testing method for
the assessment of creep strength of a martensitic creep resistant steel grade. The main advantage
of small-punch creep tests in comparison with conventional constant-load creep tests is the small
amount of material required for testing and the reduced time needed to perform this test. This
method can not be applied at 600 ºC due to the deformation of the hardened steel ball used in this
test. Difficulty was encountered to get a ceramic ball to be used in this application.
Chapter 11 will contain a new evaluation method of the Creep properties of martensitic creep
resistant steels at 500 ºC from their Notch Opening Displacements (NOD0) at notch radius R = 0.
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11. New method for evaluation of the creep properties
We were trying to search for an easy applicable method for the evaluation of creep
deformation of creep resistant steels. We supposed that NOD measurement at elevated
temperature is applicable for creep deformation for such type of steels. We applied this
measurement for the investigated steels at 500 ºC to evaluate the NOD0 at notch radius R = 0.
Based on the results of this type of measurements, and the creep properties data from the relative
standards of the investigated steels, we found out two relationships between the NOD 0 values and
the creep properties of the investigated steels at the investigation temperature. We have
introduced the NOD0 measurement as an easy and short time method to assess the creep
properties of the steels.

11.1. Determination of the creep properties of creep resistant steels at 500 oC
from their notch opening displacements (NOD0)
L. Gillemot and his co-workers have carried out extensive theoretical and experimental
works and found a number of fundamental relations that are helpful in translating the measured
data of fracture mechanics of materials to engineering applications [50]. The difficulties arising in
the evaluation of stresses and strains close to the tip of a crack are well known, thus the
possibility of introducing energy into the solution of fracture problems appears attractive. It is
recognized that strains (displacements) are often the only quantity which can be directly
measured in engineering structures, but knowledge of stresses is essential for the designer who
has to evaluate limit loads. Concerning the fracture properties of metals (particularly steels),
many research works have been carried out to study these properties. One of these investigations
was introduced by E. Czoboly and J. Radon, where they determined the Crack Opening
Displacement (COD) as a practical work using the profile distortion of cylindrical notched
specimens that can be obtained by a tensile test. Their work was based on the absorbed specific
energy till fracture (ASPEF) or (WC) elaborated by Prof. L. Gillemot in the 1960s at the Budapest
University of Technology and Economics. WC can be determined as the area under the stressstrain curve of a tensile test. It was shown that WC is a material parameter, which does not depend
on loading conditions. However, WC was found to be a function of notch severity Kt Figure 11-1.
According to the ASPEF theory the energy (E) necessary to create a new crack in the plastic
zone can be given by:
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E = W C .dA. L 0

(-16)

And the same energy can be described according to the linear elastic fracture mechanics
(LEFM) by the next formula:

E = G IC.dA

(-17)

Where dA is the cross section of the small imagined specimen, G IC is the surface energy, and
L0 is the width of the plastic zone ahead of the crack (Figure 11-2) [51]. Because E does not
depend on the theory applied, it is a given quantity for a given experiment, it follows that:

G IC = W C . L 0

(-18)

(a)
Figure -64. Relation between ASPEF
and the crack severity Kt [51]

(b)
Figure -65. The plastic zone ahead to the
crack for a notched cylindrical specimen [51]

To solve Equation (11-3), L0 was determined by testing a series of cylindrical notched tensile
specimens with varying notch radius (R). By measuring the deformed zone L, and plotting it
against the radius of notch, a linear relationship is obtained and extrapolated to R = 0 (equivalent
to a crack) to get the value of L 0. Using the same technique E. Czoboly and his co-worker
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determined the crack opening displacement (COD). During this measurement, the contour-lines
of the specimens of different notch-radii have to be projected before and after rupture by fitting
the two broken parts of the tensioned specimens to each other in order to measure the NOD
(Notch Opening Displacement). The essence of this method is to measure the Notch Opening
Displacement of the notched cylindrical specimens as it is indicated in Figure 11-3 [52].

Figure -66. The essence of Czoboly’s and Radon’s method to measure the NOD [52]

11.2. Evaluation of the NOD measuring method
The NOD determined by this method is plotted versus the notch radius from which a linear
relation can be achieved. Taking into consideration that the extremely sharp notch is practically
equal to the crack, an extrapolation to the notch radius of (R = 0) makes possible to determine the
NOD0 of the investigated specimen of steel. Figure 11-4 demonstrates how the NOD0 values are
determined by extrapolating the resulted linear relationship between the NOD values and radius
of notches.
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Figure -67. Extrapolation of the linear curves to get, (a) the width of the
plastic zone L0 and (b) the value of the crack opening displacement (COD)

11.3. Experimental procedures
This measuring method was selected to be practically applied to assess the creep properties
of the investigated steel at elevated temperature (500 ºC).
11.3.1. Material selection and preparing of specimens
Three types of low, medium and high Cr-steels were investigated. Table 11-1 shows the
chemical composition of the investigated steels.

Table -18. The Chemical composition of the investigated Cr-steels
Chemical composition wt %

Steel Grade

C

X22CrMoV 12 1
X10CrMoVNb 9 1
10CrMo 9 10

Si

0.23 0.35
0.1

Mn
0.6

0.36 0.48

P

S

Cr

Mo

Ni

Nb

V

0.022 0.003 12.15 0.99 0.59 0.031 0.26
0.01

W
0.076

0.001

8.92

0.94 0.27

0.07

0.2

-

0.11 0.25 0.54 0.005 0.001

2.13

0.92 0.31

-

-

-

The mechanical properties of the three steels are described in Table 11-2 as they were
collected from the manufacturing brochures of the investigated steels and the standards EN
10302:2002 and EN 10273:2000.
Table -19. The mechanical properties of the investigated steels
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Mechanical properties
Steel Grade

RP0.2
(MPa)

Rm
(MPa)

A%

Strength for 1%
creep strain (MPa)
100000 hrs at 500 °C

Creep rupture
strength (MPa)
100000 hrs at 500 °C

X22CrMoV 12 1

809

982

15.8

221

275

X10CrMoVNb 9 1

450

620-850

20

213

253

10CrMo 9 10

474

583

28.6

103

135

From every type of the three investigated steels, 9 cylindrical notched specimens with three
different notch-radii were prepared to perform the tensile tests in three different stress
concentrations at a constant temperature of 500 °C. The different three selected notch-radii were
0.3, 0.4 and 0.6 mm.
Figure 11-5 shows the three different notch radii tensioned specimens of the investigated
steel 10CrMo 9 10 that were machined according to the relative standard type. To determine the
notch opening displacement (NOD) of the specimens, the contour lines of all the different notch
radii have been projected before and after rupture by fitting carefully each two broken parts of
every tested specimen by the tensile test. The contour lines of the notches were projected using a
magnification projector of the type (HAUSER-S-A /100X). Figure 11-6 indicates the projector
and the profiles of three specimens with 0.6 mm radius of notch for the steel grade X22CrMoV
12 1.
11.3.2. Performing of tensile test
The test has been applied using the machine (type INSTRON-AO326, maximum force 100
KN) as shown in Figure 11-7. The specimen is fixed on the machine inside the heating unit that is
set up to a temperature of 500 °C. When the testing temperature is reached, a holding time of 20
minutes is applied then the specimens were tensioned slowly with a speed of 0.005 mm/min.
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Figure -68. Three tensioned specimens of the investigated steel 10CrMo 9 10
with three different radii of notch, (a) 0.3 mm, (b) 0.4 mm and ( C ) 0.6 mm

Figure -69. The projector and the profiles of three torn specimens
with 0.6 mm radius of notch for the steel X22CrMoV 12 1
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Figure -70. The tensile testing machine used for the investigation work

11.4. Results
The method introduced by Czoboly and Radon is used to determine the NOD for the
specimens of the investigated steels. The profile of the notched specimen can be drawn to obtain
the NOD as it is shown in Figure 11-3. From the results which are described in Table 11-3, linear
relationships are obtained by plotting the NOD versus the radius of notch of the tested specimens.
The linear relationship is extrapolated (by the drawing software) to a radius of R = 0 that gives
the value of Notch Opening Displacement NOD0 for these steels.
Table -20. Measurements of the NOD of the three investigated steels
Radius of notch R (mm)

R = 0.3

R = 0.4

R = 0.6

NOD of the investigated steels (mm)

Sample 1

0.57

X10CrMoVNb 9
1
1.02

Sample 2

0.67

0.7

1.23

Sample 3

0.7

0.72

1.2

Sample 1

0.73

0.75

1.2

Sample 2

0.7

0.6

1.2

Sample 3

0.72

0.33

1.27

Sample 1

0.77

0.67

1.32

Sample 2

0.65

1.1

1.35

Sample 3

0.92

0.75

1.3

X22CrMoV 12 1
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10CrMo 9 10
1.15

The resulted linear relationships of the three investigated steels are illustrated in Figures 11-8,
11-9, and 11-10. These relationships were achieved by extrapolation of the resulted linear fitting
of the points of every graph.

Figure -71. The NOD versus the radius of notch showing the
NOD0 values of the steel grade X22CrMoV 12 1

Figure -72. The NOD versus the radius of notch showing
the NOD0 values of the steel grade X10CrMoVNb 9 1
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Figure -73. The NOD versus the radius of notch showing
the NOD0 values of the steel grade 10CrMo 9 10
From these relationships, the NOD0 values were 0.54 mm, 0.61 mm, and 1.05 mm for the
steel grades X22CrMoV 12 1, X10CrMoVNb 9 1 and 10CrMo 9 10, respectively. Referring to
the European standards EN 10302:2002 and EN 10273:2000 and based on these NOD 0 values,
other two relationships have been found as shown below in Figures 11-11 and 11-12.

Figure -74. The relationship between the NOD0 and the strength for
1 % creep strain of the investigated steels for a service of 105 h at 500 °C
These relationships illustrate the NOD0 of the investigated steels versus their strength for 1 %
creep strain, and creep rupture strength at elevated temperatures respectively. The suggestion is to
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use these relationships to assess these creep properties for the creep resistant steels at elevated
temperatures when their NOD0 are determined.

Figure -75. The relationship between the NOD0 and the creep rupture
strength of the investigated steels for a service of 105 h at 500 °C

11.5. Assessment of creep properties of the welded joint using the method of
notch opening displacement (NOD)
This type of measurement has been applied on different tensile samples of the welded joint
for the tested steel X20CrMoWV 12 1 1. During this measurement notched round tensile
specimens were used to obtain the notch opening displacement (NOD) of the specimens. These
specimens were prepared from the base material, weld metal and heat affected zone of the welded
joint as shown in Figure 11-13. Tensile tests were carried out also at a constant temperature of
500 °C. The obtained values of NOD were plotted against the radii of the notches from which
NOD0 values at a notch radius R = 0 are determined as shown in Figures 11-14, 11-15 and 11-16.
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Figure -76. Samples for NOD measurements for,
(a) base material, (b) HAZ and (c) weld metal

Figure -77. The NOD versus the radius of notch
showing the NOD0 values of the base material
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Figure -78. The NOD versus the radius of notch
showing the NOD0 values of weld metal
By using the master curves in Figures 11-11 and 11-12, the creep properties of the three
zones of the joint can be obtained as demonstrated in Figures 11-17 and 11-18. Table 9-8 shows
the results of these creep properties.

Figure -79. The NOD versus the radius of
notch showing the NOD0 values of the HAZ
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Figure -80. Determination of the creep strength for 1 %
creep strain of the welded joint using the NOD0 master curve

Figure -81. Determination of the creep rupture strength
of the welded joint using the NOD0 master curve

Table -21. The obtained NOD0 values and creep properties of the three zones of the welded joint
Part of joint
Base material

NOD0 value
(mm)
0,54

Strength for 1%
Creep strain (MPa)
224
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Creep rupture
Strength (MPa)
275

HAZ
Weld metal

0,25
0,11

295
328

355
390

Figures 11-17 and 11-18 proved that the obtained master curves can also be used for
determination of the creep properties of the three zones of the welded joint of the investigated Walloyed steel. The master curve of the creep rupture strength showed almost the same strength for
the base material as it is described in the manufacturer specification of the steel.

11.6. Conclusion
Concerning the measurements of the notch opening displacement (NOD) of steels, we conclude
the following:
1. The value of NOD (Notch Opening Displacement) can be simply determined by tensile
testing of notched cylindrical specimens. When this value is extrapolated to a radius of notch R =
0, then value of NOD0 at the investigated temperature is obtained.
2. The experimental results show that the function of NOD changes linearly with the radius
root of the notch for the investigated steels.
3. The master curves shown in Figures 11-11 and 11-12 are suggested to be used to estimate
strength for 1 % creep strain and the creep rupture strength respectively at elevated temperatures
for the creep resistant steels when their NOD0 (Notch Opening Displacement) values are obtained
for comparison of these types of steels.

11.7. Discussion
Based on the method of E. Czoboly and J. Radon, where they determined the Notch Opening
Displacement (NOD0) using the profile distortion of cylindrical notched specimens that can be
obtained by a tensile test, this part of dissertation focused on the using of this property to
determine creep properties of three types of creep resistant steels at 500 °C.
After application of tensile tests, notch opening displacement (NOD) is determined and
plotted versus the notch radius, where linear relations were obtained. An extrapolation of these
linear relations to a radius of zero value gives the NOD0 at notch radius R = 0, for the tested
specimen. The resulted NOD0 values were plotted versus both the strength for 1 % creep
strain/105 h and the creep rupture strength/105 h of the investigated steels. Straight relationships
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were achieved and it is suggested to use these relations for assessment of the creep properties of
creep resistant steels when there NOD0 values are obtained.

11.8. Related publications to this chapter and obtained new scientific results
What is demonstrated in chapter 11 was published in the paper:
Y. Elarbi, B. Palotas, "Determination of the Creep properties of Creep Resistant Martensitic
Steels at Elevated Temperatures from their crack Opening Displacements (COD)", The IIW 2007
Conference “Welding & Materials Technical - Economical - Ecological Aspects”, 05-06 July
2007, p. 235-242, Dubrovnik, Croatia.
Three conclusions were obtained from this experimental work:
1. The NOD0 determination can be used as short time creep properties testing method at
elevated temperature.
2. One master curve was measured for 1 % creep strain and one for creep rupture
strength at 105 h. These curves can be used for comparison of creep properties of
creep resistant materials.
3. The using of the master curves introduced by us in this dissertation, gave the same
properties introduced by BOHLER specification for the base material of the
investigated steel. This proves that these curves are applicable for testing of the
different zones of welded joints.

THESIS
1. The study of the effect of boron addition on the mechanical properties of the
investigated 9 -12 % Cr steels was one of the parts of this dissertation; it was found
that the combination addition of boron, tungsten and cobalt improves significantly the
toughness of high Cr steels.
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2. The hardenability of the martensitic steel X20CrMoWV 12 1 1 was practically
investigated and the conclusions are as follows:
2.1 The hardness profiles of hardenability that obtained for martensitic creep
resistant steels were different from those well known typical profiles for other
alloyed steels.
2.2 The reduction in the hardness profiles of martensitic creep resistant steels was
detected during the Jominy hardenability test of these steels. This reduction was
significantly recovered by time, according to our opinion this reduction is
occurred due to the self-hardening property of the steel.
3. The welding of the steel X20CrMoWV 12 1 1 was analyzed and our conclusions are
as follows:
3.1 The "martensitic welding" technique worked out by Prof. L. Beres can be used
for welding of the W-alloyed steel X20CrMoWV 12 1 1.
3.2 The CTS test proved that in the HAZ, the maximum measured hardness was
less than the maximum allowed hardness (375 HV).
4. From the investigation of the creep properties of creep resistant steels at elevated
temperatures from their notch opening displacements (NOD0) at notch radius R = 0,
conclusions are as follows:
4.1 The NOD0 determination can be used as short time creep properties testing
method at elevated temperature.
4.2 One master curve was measured for 1 % creep strain and one for creep rupture
strength at 105 h. These curves can be used for comparison of creep properties of
creep resistant materials.
4.3 The using of the master curves introduced by us in this dissertation, gave the
same properties introduced by BOHLER specification for the base material of the
investigated steel. This proves that these curves are applicable for testing of the
different zones of welded joints.

APPLICATION OF SCIENTIFIC RESULTS
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1. Our analysis of the effect of boron addition to the 9 -12 % Cr steels showed that the
combination of the addition of boron, cobalt and tungsten can be used in the practice by
the steel manufacturers to improve the toughness of these steels.
2. The measured Jominy curve of the W-alloyed steel grade X20CrMoWV 12 1 1 can be
used in practice for the process planning for heat treatment.
3. Based on our investigations on the "martensitic welding" technique worked out by Prof.
L. Beres, we suggest that it can also be used for welding of the different components of
the power plants made of the W-alloyed steel X20CrMoWV 12 1 1.
4. From our practical measurements of the notch opening displacement (NOD) at 500 °C for
high Cr steels, we suggest to use this measurement as short time creep properties testing
method at different temperatures.
5. As a result of the NOD measurements, we obtained two master curves, one for 1 % creep
strain and the other for creep rupture strength for 100000 h and at 500 °C, these curves
can be used practically for comparison of creep properties between base materials as well
as the for the different zones of the welded joints of creep resistant steels at the
investigated temperature.
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SUMMARY
The steel (X20CrMoWV 12 1 1) was interested to be investigated due to its superior creep
properties compared with the conventional W-free creep resistant steels. The dissertation
commenced with a review of the literature which was demonstrated in the first five chapters.
Evolution of Cr-steels for power generation industry was outlined. This evolution consisted of
four steel generations which started by the 11CrMo 9 10 steel, designated by ASTM as T22 at the
beginning of the twentieth century and ending with the advanced steel grades such as P92, E911,
NF12 and SAVE12. Creep theory, creep behavior and creep mechanisms of steels as well as creep
testing methods were described. An overview of the high Cr-steels was also demonstrated in this
literature review and advanced W-alloyed steels were also included. The effect of alloying
elements on mechanical properties of 9-12 % Cr creep resistant steels was briefly presented.
A practical work for studying the effect of aging time and boron addition on the properties of
8-9 % Cr steels was demonstrated. In this part of work, three types of these steels that are being
used for HP/IP components in power generation plants were investigated. Three types of
mechanical tests were performed. Recent studies of the boron effects on 9-12 Cr steels were also
outlined for comparing the results of these studies. From this study, it was concluded that the
combination addition of boron, tungsten and cobalt improve significantly the toughness of the
investigated high Cr steel contained these alloying elements.
The application of Jominy method for testing of hardenability of martensitic creep resistant
steels was demonstrated in another practical work. During the application of this test, two 12 %
Cr martensitic creep resistant steel grades were investigated. Different hardness profiles for the
investigated steels compared to the well known typical profile for hardenable alloyed steels were
obtained. A significant reduction in hardness resulted in within a distance of 10-40 mm from the
end-face of the Jominy sample for both of the investigated steels. Measuring of the critical
cooling time t8/5 for X20CrMoWV 12 1 1 steel using Jominy test was worked out to look for a
more simple method to calculate the preheating temperature of the investigated steel. The main
result of this work was that the reduction in the hardness profiles of the investigated steels
detected during the Jominy hardenability test of these steels has been mostly recovered by time,
according to our opinion this recovery occured due to the self-hardening property of the steels.
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A general background about weldability and welding of Cr martensitic creep resistant as well
as hardenable steel grades were outlined. Avoiding of cold cracking with preheating and PWHT
was described. Behavior of martensitic steels during welding and calculation of preheating
temperature were also demonstrated. The so call "martensitic welding method" suggested by L.
Beres that based on the metallurgical knowledge and particularly the chemical composition of the
steel to be welded was introduced.
The assessment of preheating calculation on X22CrMoV 12 1 martensitic creep resistant steel
was experimentally investigated. The aim of this part of work was to check the crack sensitivity
of the investigated high Cr martensitic steel using the martensitic welding method. It was
concluded that this method was correctly applied for this steel without cracking,
Welding of W-Alloyed Martensitic Steel X20CrMoWV 12 1 1 was also investigated.
Different preheating temperatures were applied in 2D and 3D heat conduction welded joints for
the investigated steel. Austenitic and martensitic welding techniques were used to weld the joints.
The preheating temperatures were applied according to the method of L. Beres for martensitic
welding technique and to the suggestion of BOHLER for the austenitic welding method.
Hardness measurements at the heat affected zones of the welded joints were performed. CTS test
was also carried out to assess the cold cracking sensitivity of the welded joint. Tensile and
bending tests were applied for checking of the mechanical properties of the welded joints of the
investigated steel. Out of these tests we concluded that, the "martensitic welding" technique is
optimal to be used for welding of the tested W-alloyed steel and the master curves introduced by
us has been applied to determine the creep properties of the different zones for the welded joint of
the tested W-alloyed steel, the application gave the same properties introduced by BOHLER
specification for this steel grade.
New method for evaluation of the creep properties was introduced as a result of an
experimental work. The notch opening displacement (NOD) of three creep resistant steels was
measured at 500 ºC, from which the values of notch opening displacement (NOD0) of these steels
were determined. From the NOD0 results, and the creep properties of the investigated steel
outlined in their relative standards, two master curves were obtained for assessment of creep
strength for these steels when their NOD0 values are determined.
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FUTURE WORK
From the work on this dissertation it is suggested to continue the investigation of the
following:
a) Analyzing of the creep properties of base materials and welded joint for W-alloyed
steel grades.
b) Approbation of welding technology for the W-alloyed steel X20CrMoWV 12 1 1 by
independent organization.
c) Determination of short term creep testing techniques for the assessment of the creep
properties of martensitic creep resistant steels.
d) Investigation of the microstructural changes occurred on the hardness profile of the
Jominy specimen during the hardenability testing for the steel X20CrMoWV 12 1 1.

115

REFERENCES
1. J. Perrin and J. D. Fishburn. "A Perspective on the Design of High Temperature Boiler
Components" ECCC Creep Conference, 12–14 September 2005, London.
2. R. L. Klueh “Elevated – Temperature Ferritic and Martensitic Steels and

Their

Application to Future Nuclear Reactors” Prepared by Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831-6285, for the U.S. Department of Energy.
3. P J Ennis and A Czyrska-Filemonowicz “Recent advances in creep-resistant steels for
power plant applications” OMMI (Volume 1, No.1) April 2002.
4. Horst Cerjak, Peter Hofer, and Bernhard Schaffernak “The Influence of Microstructural
Aspects on the Service Behavior of Advanced Power Plant Steels’ ISIJ International, Vol.
39 (1999), No. 9, pp. 874-888.
5. William D. Callister, JR "Materials Science and Engineering, an Introduction". Fourth
edition, 1996, p. 220-227.
6. Michael F Ashby and David R H Jones, "Engineering Materials 1, An Introduction to
their Properties and Applications" second edition, volume 1, ISBN 0 7506 3081 7,
Department of Engineering, University of Cambridge, UK, p 185-202.
7. Ginsztler J, Devenyi L. "Revalidability of high temperature ferritic/bainitic steels" Energy
Journal of Mechanical Engineering 36, 1991:4, p 251-253.
8. Choi BG, Nam SW and Ginsztler J. "Life extension by cavity annihilation heat treatment
in AISI 316 stainless steel under creep-fatigue interaction conditions" Journal of Materials
Science, 35, 2000, p 1699-1705.
9. http://www.materialsengineer.com/CA-Creep-Stress-Rupture.htm.
10. http://www.instron.us/wa/products/spec_equip/creep.aspx?ref=http://www.google.com.sa/
search.
11. ASM Metals Handbook, ninth edition, vol. 8, Mechanical Testing, p. 318-322.
12. http://www.me.uh.edu/ceramics/3445LabManual/4.CREEP.pdf.
13. http://www.ommi.co.uk/etd/eccc/advancedcreep/Merckling%20+%20Brett%20PLE%20C
onf%20paper.pdf

116

14. Dudás Z, Azonos diffúziós állapothoz tartozó technológiai paraméterek meghatározása,
ANYAGVIZSGÁLÓK LAPJA, Elektronikus folyóirat, 2007/1. p: 9-12
15. Boris Ule, Monika Jenko, Roman Sturm “Accelerated small-punch creep testing”
Materiali in Tehnologije 36 (2002) 6.
16. P. Jung a, A. Hishinuma b, G.E. Lucas c, H. Ullmaier “Recommendation of miniaturized
techniques for mechanical testing of fusion materials in an intense neutron source”
Journal of Nuclear Materials 232 (1996), pp. 186-205.
17. http://www.att.bme.hu. Lecture notes by Bela Palotas
18. ASM Metals Handbook, ninth edition, volume 6, "Welding, Brazing, and Soldering", p
248-250.
19. Emad El-kashif, Kentaro Asakura and Koji Shibata, “Effects of nitrogen in 9Cr–3W–3Co
ferritic heat resistant steels containing boron” ISIJ International, Vol. 42 (2002), No. 12,
pp. 1468–1476.
20. Béres, L., Balogh, A., and Irmer, W. “Welding of martensitic creep-resistant steels”, 2001,
Welding Journal 80(8): 191-s to 195-s.
21. http://www.kuleuven.ac.be/bwk/materials/Teaching/master/wg18/l0100.htm#SEC_1
“Overview on Stainless steels”.
22. http://www.weldingengineer.com/Stainless%20Steel.htm “Welding Stainless steel”.
23. http://www.bssa.org.uk/topics.php?article=253
24. http://www.metrode.com/product_information/ “P92 welding consumables for the power
generation industry" Metrode products Ltd, Issue 2 August 2005.
25. http://www.msm.cam.ac.uk/phase-trans/2005/LINK/162.pdf. L. Cipolla, J. Gabrel. "New
Creep Rupture Assessment of Grade 91"
26. W. Bendick, J. Gabrel. "Assessment of Creep Rupture Strength for the New Martensitic
9 % Cr Steels E911 and T/P92" ECCC Creep Conference, 12–14 September 2005,
London.
27. http://www.twi.co.uk/j32k/unprotected/band_1/power_newweldmet.html.
28. http://www.ommi.co.uk/etd/specialist%20services.pdf.

117

29. J. A. Pugh and A Flelhadming, P Clarke, D J Allen and P Mulvihill “Practical
Improvements in Power Plant Efficiency through Materials Engineering” Scientific
report.
30. Ingo von Hagen and Walter Bendick “Creep Resistant Ferritic Steels for Power Plants”
Ehinger Strasse 200, 47259 Duisburg, Germany.
31. Kouichi MARUYAMA, Kota SAWADA and Jun-ichi KOIKE. "Strengthening
Mechanisms of Creep Resistant Tempered Martensitic Steel" ISIJ International, Vol. 41
(2001), No. 6, pp. 641–653.
32. M. Yoshizawa and M. Igarashi. "Long-Term Creep Deformation Characteristics of
Advanced Ferritic Steels for USC Power Plants", ECCC Creep Conference, 12–14
September 2005, pp. 110-118, London.
33. Nobuyoshi Komai and Fujimitsu Masuyama” Microstructural Degradation of the HAZ in
11Cr–0.4Mo–2W–V–Nb–Cu Steel (P122) during Creep” ISIJ International, Vol. 42
(2002), No. 12, pp. 1364–1370.
34. http://www.materialsengineer.com/E-Alloying-Steels.htm.
35. Yutaka TSUCHIDA, Kentaro OKAMOTO and Yoshikuni TOKUNAGA Improvement of
Creep Rupture Strength of High Cr Ferritic Steel by Addition of W “ISIJ International, V.
35 (1995), No. 3, pp. 31 7-323.
36. http://bainite.wordpress.com/2006/04/21/some-effects-of-alloying-elements-in-steel/
37. http://www.chasealloys.co.uk/steel/alloying-elements-in-steel/
38. Katsumi Yamada, Masaaki Igarashi, Seiichi Muneki and Fujio ABE, “Effect of Coaddition on microstructure in high Cr ferritic steels” ISIJ International, Vol. 43 (2003),
No. 9, pp. 1438–1443.
39. Toshiaki Horiuchi, Masaaki Igarashi and Fujio ABE. "lmproved Utilization of Added B in
9Cr Heat-Resistant Steels Containing W", ISIJ International, Vol. 42 (2002), Supplement,
p S67-S71.
40. Shaju K. Albert, Masayuki Kondo, Masaaki Tabuchi, Fuxing Yin, Kota Sawada and Fujio
Abe. "Improving the Creep Properties of 9Cr-3W-3Co-NbV Steels and their Weld Joints
by the Addition of Boron", Metallurgical and Materials Transaction A, Volume 36A, Feb
(2005) – 333.
118

41. Dr. Warren M. Garrison. Final Report. ”Effects of Boron and Phosphorus on creep
Properties of Ferritic/Martensitic Steel for Fast Reactor Cladding Applications", Contract
# DE-FG02- 89ER12892, (sep 1 1989 – Aug 30 1992).
42. http://www.steeluniversity.org/content/html/eng/default.asp?catid=163&pageid=2081271
726
43. P Hofer, M. K. Miller, S. S. Babu, S. A. David and H. Cerjak. "Investigation of Boron
Distribution in martensitic 9 % Cr Creep Resistant Steel", ISIJ International, Vol. 42
(2002), Supplement, p S62-S66.
44. Katsumi Yamada, Masaaki Igarashi, Seiichi Muneki and Fujio ABE, “Effect of Heat
Treatment on Precipitation Kinetics in High-Cr ferritic steels” ISIJ International, Vol. 42
(2002), No. 7, pp. 779–784.
45. http://www.mkn.itu.edu.tr/~arana/jominy.pdf “Jominy Hardenability test”
46. Dr. Zorkócyz Béla: Metallográfia és anyagvizsgálat, Tankönyvkiadó, Budapest, 1968.
47. Böhler T504 Extra, Creep Resistant Steel, T504 DE – 06,99 – EM-WS, Termékismertető,
BÖHLER EDELSTAHL GMBH & CO KG, Kapfenberg, Austria.
48. L. Beres, A. Balogh, and W. Irmer, “New results in the welding of creep resistant steels”
4th DWS-GTE-MHTE International conference on welding, 23-26 August 2004, Hungary
( proceeding in CD), p 30s-39s.
49. L. Beres, A. Balogh, W. Irmer, and C. S. Kirk "Behavior of Welded Joints of Creep
Resistant Steels at Service Temperature" Welding Journal (Miami, Fla), v 82, n 11,
November, 2003, p 330/S-336/S.
50. F. Gillemot, E. Czoboly, and I. Havas, “Fracture Mechanics Applications of Absorbed
Specific Fracture Energy: Notch and Unnotched Specimens”, Theoretical and Applied
Fracture Mechanics 4 (1985) 39 – 45 North Holland.
51. J. C. Radon, E. Czoboly and T. Konkoly, “Recent Developments in the Evaluation of
Specific Fracture Work” II. Int. Symp. on Mechanical Behavior of Materials, Kyoto,
Japan, 1974, pp 543-556.
Ali. M. Esmaeel, “Stress Corrosion sensitivity of Welded C-Mn Steels Applied in Petroleum
Industry” Master of Science Thesis, Budapest University of Technology and Economics, May,
2005, pp73.
119

