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Abstract

The sigma phase precipitation can cause serious problems with application
of creep resistant austenitic steels. This thesis deals with the SUPER 304H
structural stability especially with the sigma phase precipitation. Degraded state
of the steel SUPER 304H was reached by an isothermal laboratory exposition.
Used exposition temperatures were 650, 675 and 700°C. Maximal exposition
time was 2,45x10% hours. The sigma phase precipitation was confirmed by using
various experimental methods (SEM, TEM, EBSD, EDS). Precipitation mechanism
and morphology were documented and described. The main part of the thesis
was quantification of the sigma phase precipitation and its mathematical
description. Equations describing fraction area and precipitation rate of the
sigma phase for the steel SUPER 304H are summarised by the thesis. Those
equations were extended by using Fick’s laws and diffusion equations for steel
Tp 347HFG. The thesis documents influence of the sigma phase precipitation on
mechanical properties of the steel SUPER 304H and discusses applicability of this

steel.
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1 Introduction

1 Introduction

The Czech Republic electricity production development since 2007 to 2016
is summarized by the first graph (Fig. 1). The electricity production figure
provides information that most exploited source of energy in the Czech Republic
is coal. Fig. 1 also shows long term stability of energy production by coal

combusting.

Czech Republic energy production divided into group by the primary
energy source is plot in Fig. 2. The source data plotted in the pie chart are from
year 2016. Energy made from coal is marked with green colour. In the year 2016
about 55 percent of the Czech total energy production was covered by the coal

power plants.

Those two graphs describe the energy production situation in The Czech

Republic, but the situation is the same for the industrially developed countries.

The energy production [GWh]
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Fig. 1 The electricity ~ production Fig. 2 The constitution of energy

development in the Czech Republic

production by source in the Czech

since year 2007 to 2016 [1] Republic in year 2016 [1]

The electricity production situation and expected development up to the
year 2018 in Japan is described by Fig. 3. The annual energy production from coal
is about 22%. It is a half time lower production in comparison with the Czech
Republic. Difference is caused by bad availability of primary source (coal) on the
island. On the other hand, combusting of coal and natural gas is based on the
same physical principal. It means that heat cycle powerplants in Japan hold

about 54% of total annual electricity production.
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Fig. 3 Annual power generation in Japan [2]

On global scale, it can be said that energy production is based on thermal
cycle powerplants. The thermal cycle powerplants cover coal, gas and oil
combustion [3]. The global energy production statistics made by the
International Energy Agency is plotted in the following graph (Fig. 4). The energy
production statistics confirms leader position of coal like a primary energy
source. The future prediction suggests continuous increase in the coal-based

energy production (Fig. 4).

Global generation European generation

34,000 TWh

94% 4,400 TWh

m coal 34%
3,300 1'wyT
® gas&oil

= nuclear

17,500 TWI

renewable

20% 29%

10%

2005 2030 2005 2030

Fig. 4 IEA predictions for the development pf power production divided on primary

fuels [4]

If we considered the coal not to be renewable source of the energy it is
necessary to pay attention to make the best use of this resource. That is
motivation for increasing the efficiency of coal powerplants. In case of the heat

cycle power plants the higher efficiency means better operation ecology.




1 Introduction

Possible way how to increase the power plant efficiency and at the same
time the operating ecology is by getting to the higher steam operation
condition. Steam operating conditions are pressure and temperature of the

steam.

The heat power plants are based on the Rankin-Claus heat cycle. The heat
cycle efficiency is directly proportional to the lower and the higher cycle
temperature. The fact about the efficiency increasing is historically known so

there is continuously effort in reaching higher cycle temperature and pressure.

The influence on the power plant effectivity by reaching higher operating
steam parameters was published in [2]. The article summarized case study of the
four case-model differences by steam parameter for 500MW power plant.
Parameters for each case study part are summarized in Fig. 5. Calculated
thermal efficiency of each model parameters power plants is summarized in

Fig. 6.

In fact, the difference between parameters (Fig. 5) is just the difference in
the USC power plants group. Case D can be marked like the USC power plant
with lower working parameters; on the other hand, Case A can be marked like
the A-USC power plant. Increase in the complex thermal efficiency is
considerable (increase by 12 %) and definitely very interesting for future

production of energy from coal.

Case A Double Reheat 18
Main Steam Pressure 35 MPa ~
Main Steam Temperature 700 deg-C %
1t Reheat Steam Temperature 720deg-C T i
2nd Reheat Steam Temperature 720 deg-C 3

Case B Single Reheat 5
Main Steam Pressure 25 MPa B
Main Steam Temperature 700 deg-C E “r
Reheat Steam Temperature 720 deg-C ®

Case C Single Reheat g
Main Steam Pressure 24.1 MPa £ 42
Main Steam Temperature 610 deg-C :
Reheat Steam Temperature 720 deg-C é’

Case D Single Reheat 10 I I I
Main Steam Pressure 25 MPa
Main Steam Temperature 600 deg-C A B B B
Reheat Steam Temperature 600 deg-C Case

Fig.5 Four case study parameters set Fig. 6 Estimate thermal efficiency for
up for the 500MW power plant [2] parameters listed in Fig. 5 [2]
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The increase in efficiency is considerable in lower costs of produced energy.
EPRI economy analysis considering the beneficial of higher steam parameters is
presented in [5]. Powerplants divided into groups sorted by operation

parameters published in report [5] are summarized in Fig. 7.

Sub-critical Supercritical Current USC A-USC
SH Temperature, °C 541 582 604 680
SH pressure, bar 179 262 276 352
RH temperature, °C 541 582 604 700
RH pressure, bar 35.9 57.9 65.5 738

Fig. 7 Design parameters for the power plants examined in EPRI’s 2008 study [5]

The same grouping like in Fig. 7 is used for economy analysis summarized
in Fig. 8. The analysis considers the coal price, power plant capital cost, dispatch
cost Etc. Analysis was made for power plant situated in Kenosha, Wisconsin.
Position of the powerplant ensure relatively cheap and easy to transport coal.
According data in Fig. 8 the relatively low delivered cost of coal and with no
charges for CO, emission does not have A-USC plants cost-of-electricity

advantage over the other cases.

Sub-critical | Supercritical Current A-USC
uUsC

Capital cost, $/kW 1780 1800 1840 1990
Coal cost, $/GJ 171 171 1.7% 1.71
Cost of Electricity*

Capital, $/ MWh 28.9 203 299 32.3

0&M, $/ MWh 8.1 3.1 8.2 8.6

Fuel, § /MWh 17.0 159 15.7 14.4
Total, $/ MWh 54.0 53.3 53.7 55.3
Dispatch cost, 18.6 17.4 17.1 15.7
$/MWh**

Fig. 8 Key economic results from A-USC study — Assumes no cost penalty for CO;

emission [5]

Previous case is acceptable just in case of the low-price coal and without

including price of CO, production permit.
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Following case study published in the other EPRI document [6] includes
price of the coal and CO; production permits costs. The economic analysis was

applied to the schematic coal power plant with installed capacity 750 MW.

The benefit overview reached by increasing of power plant working

parameters [6]:
e The steam parameters (A-USC): Temperature 750°C and Pressure 35 MPa

e Efficiency of complex power plant operating under steam parameters

listed previously: 45 % (Average subcritical boiler efficiency is about 37 %)
o With double steam reheating efficiency of 47 % can be reached

o Money save for coal per year will be 16,4 mil. S (that is equal with

330 mil. S save during of all the power plant lifetime)
e Decrease of pollution production from 0,85 to 0,67 ton/MWh
o The drop of CO, emission is by 22% (700 000 ton CO,/year)

o It means money save for emission allowances

1.1 Current need of reaching the thesis goals

The last part of chapter 1 (Introduction) documents economic benefits of
upgoing to the USC steam parameters. The increment of working parameters is
continuous process strongly influenced by available construction materials. Each
parameters increment is in connection with the use of the new modification or
new materials. Working conditions of the last generation of the USC or A-USC

power plants are at the edge of possible steel usage.

Getting to the higher steam parameters is a world-wide effort. Diagram of
the continually increasing power plant working parameters in USA is shown in
Fig. 9. State in the Mid-Europe (Germany) is documented in Fig. 10. Asian part of
the world working steam parameters development is demonstrated by China in

Fig. 11 and by Japan in Fig. 12.
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40

6«,7\3;@ = 12 bar/275°C
X 2
oy =30 15 bar/350°C
W 2
0 = =
| § rao s
g subcritical ! supercritical " = 20+ 35'bar/450°C
g b s - o 280 bar
g . 2 100 bar/500°C 580/600°C
& bar |
_ " A: 'é 104 w ggg/sgl; C|
I 7]
1 . !
V " With reheat (540/540°C) Supercritical (250 bar)
T T T T T T T T 1
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
50's 60's 70's 80's 90's Year
Fig. 9 The scheme of steam working Fig. 10 Heat rate of steam power
parameters development in USA [6] plants in Germany as a function of
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Fig. 11 Steam parameter evolution of - Fig. 12 Trends in steam condition in
Chinese fossil power plants [8] Japan [2]

Until now, we have mentioned just positives of operating under higher
conditions (USC), but there are negatives too. Higher steam operation
temperature means higher material thermal load. Higher thermal load can cause
series problems by faster material degradation. Second increasing steam
parameteris pressure. Higher operation pressure means higher material tension.
In case of the creep resistant steels used for the heat exchanging surfaces it
causes extreme acceleration of creep process and microstructure degradation.
We need to find proper materials, which will be suitable to operate all the
projected power plant lifetime under those steam conditions. Creep resistant
austenitic steels application can be cost-effective choice for last generation of

superheaters.

General requirements to austenitic steel in the superheater application are
corrosion resistance, exfoliation resistance and sufficient creep resistance. In

literature ([6][9]) steels SUPER 304H and Tp 347HFG are categorized like suitable
9




1 Introduction

for this type of application. Both steels were designed especially for
superheaters and reheaters. Producers of these types of steel are Sumitomo
Corporation and Manessman. Producers and developers are the same
organisations. It is first problem with steels application, because properties of
those steels are guaranteed by their producer based on relatively short time

examination.

Both steels were developed by chemical composition modification of the
classic corrosion resistant steel AISI 304. Both steels are relatively newly
developed. Steel Tp 347HFG was developed in the early 1980s [7]. Steel SUPER
304H was developed in 2000s [7]. Available tested mechanical properties are just
from short time testing. Creep properties and structural stability are measured
just partially. Longer creep properties are extrapolated. Extrapolation is
definitely useful, but there can be some differences caused by microstructural
changes which can occur under the exposition. The same problem was
documented in case of the martensitic steels grade. Finally measured
mechanical properties were approximately two times lower than the

extrapolated.

Both SUPER 304H and Tp 347HFG are type 18/9 (18% chromium and 9%
nickel) complexly alloyed creep resistant austenitic steels. The alloying elements
are added for improving steels creep resistance. The alloying elements are in
case of steel SUPER 304H 0,4% Nb, 0,1% N a 3,0% Cu and carbon content is
optimised at value of 0,1% [7]. Steel Tp 347HFG hase higher content of Ni (about
11%) and is modified by 0,9 % Nb [7]. It is possible to categorised those steels
like complex-alloyed. The relatively high content of alloying elements leads to
thermodynamic instability of those steels. The instability causes phase

precipitations during the thermal exposition.

In literature [10] conditions for precipitation of the brittle phases in
austenitic steels according to their chemical composition are listed. Steels
SUPER 304H and Tp 347HFG meet the conditions. There is a possibility for

precipitation of the brittle phases, which deteriorates steel mechanical

10
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properties. It was shown in literature [11], [12], [13] that precipitation of the brittle

phases really occurs in those steels under the heat exposition.

Motivation for this thesis is to provide the information about creep resistant
18/9 steels group instability (especially by using group representatives
Tp 347HFG and SUPER 304H) and its influence on the mechanical properties and
to improve application possibility for those steels usage under USC parameters.
Second motivation is to research how to influent precipitation rate by the
modification of those steels chemical composition or by the manufacturing

process.

11



2 Theoretical part

2 Theoretical part

The thesis theoretical part summarizes information about creep resistant
steels with focus on the austenitic steels and its application. Last section of
theoretical part summarizes information about structural modelling and

methods of modelling.
2.1 The creep resistant steels

The most general definition of a creep resistant steel is steel which is

resistant to plastic flow under constant stress and elevated temperature. [14][15]

Fig. 13 illustrates creep deformation dependence on time. There are
marked primary, secondary and tertiary creep regions. Usually creep resistant
steels during their lifetime operate in the secondary creep region. As it seen from
Fig. 13 with increasing temperature the secondary creep region is getting
smaller. Continuously effort of increasing steam operation temperature and
pressure is documented in chapter 1.1. Getting to higher operating
temperatures finally means smaller range of the secondary creep range. The
newly developed materials like steep SUPER 304H and Tp 347HFG exhibit better

creep behaviourin comparison with previous material generation.

Increasing
slress
and temporature

Terliary

Creep strain

£
0 t ! Time

Fig.13 Schematic illustration of creep curve changes with increasing stress and

temperature [15]

The creep resistivity is not only one crucial property of this group of steels.

There are other degradation processes and steel requirements.

12



2 Theoretical part

2.1.1 Requirements for creep resistant steels

Creep-resistant steels for use in thermal power plants must be capable of
satisfying the specific requirements established for dependable and economic
operation. All phases of development and testing must therefore be specifically

aligned to the following requirements [7]:

High thermal efficiency, operational capability in the medium and peak
load ranges, life expectancy of at least 200 000 h, high availability, long
intervals between overhauls, short overhaul periods, short manufacturing

times, competitive production costs for the steam plant and electric power.

These requirements mean that the application of newly developed steels

must not involve any additional risks, implying [7]:

That long-time creep testing up to 100 000 h is needed to predict reliably
the creep strength for 200 000 h (which means that the tests must be started
with a large number of specimens, because at the outset of the tests
a prediction cannot be made about the stress level which will be reached after
a test period of 100 000 h. A long test period should also be scheduled if
a research project is only due to last for 3—5 years), satisfactory oxidation
resistance, high ductility of the steels under conditions of creep stressing, high
fracture toughness of the steels in a new condition and following prolonged
operational stressing, satisfactory production of the new steels in terms of

melting, casting, forging, hot forming and welding.
2.1.2 The creep resistant steels grouping

The creep resistant steels are divided into the groups by the steel
microstructure. Fig. 14 illustrates increase of the creep resistance through the
last century. In figure (Fig. 14) both steels SUPER 304H and Tp 347HFG are marked

and other steels grouped by microstructure.

13



2 Theoretical part

These groups are [7]:

e Ferritic (include martensitic and bainitic)

e Meta-stale austenite

e Stable austenite

Steels SUPER 304H and Tp 347HFG are members of the last group of the

stable austenitic steels.

Ferritic steels are applied for boiler water walls and low heat exposed

power plant parts. Martensitic steels like P91 are used for thick wall components

like steam drivers or stem headers. Meta stable austenitic steels were applied for

the low exposed (or older) heat exchanger surfaces for steam reheating. Last

group of stable austenitic steels are used for construction of superheaters and

reheaters of USC power plants. [7][16]

200

TP304H

10%h Creep rupture strength at 600°C (MPa)

Stable austenitic

TP34TH

1001 TP321H

Meta-stable austenitic

T-17CuMo  p fpdarrire)

E1250
800H

HCM2s
T24 (¢

1st generation

0 . 1
1900 1920

Fig. 14

1 L 1 1 1 L 1 1
1940 1960 1980 2000
Year

2020

Historical improvement in creep rupture strength of boiler steels [7]

2.1.3 The austenitic creep resistant steels for USC power plants

application

Complex design of the heat power plant must be cost effective. With

consideration of the austenitic steels price, application must be for most heat

exposed parts like superheaters and reheaters (Fig. 15).

14



2 Theoretical part

Component TI00°F/1100°F TNSIFI1S°F 1200°F/1200°F 1300°F1300°F 2 1350°F/1400°F &
SH Outlet Header/ P91, P92, E911 P92, P122, E911, NF12, Nimonic263, IN740
Main steam pipe SAVE 12 CCA817 CCAs617
RH Outlet Header /RH pipe P91, P92, E9l1 Pat, P92, E911 Same as above Nimonic263 IN740
SH panels (4) Superd04H, Su NE 709, Cr 30A Super304H, IN617
HR3C, 347HFG HR3IC, M7HFG Sanicro23, HRIC, M7HFG
SuperddH, 310N
Finish SH (4) Super 304H, HR3C, HR6W, IN617 IN617, IN740 IN740
347HFG HR120, HR3C
Primary RH (4) Super304H, HR3C,  Super3dMH, H NF709,CrJ0A,  Sanicro 25, HR3C, 304H,
347HFG R3C, M7HFG Super3MH Super304H M7HFG
Finish RH (4) Super3)H, HR3C, Superd04H, IN617 IN617, IN740 Haymnes 230,
MTHFG HR3C, 47HFG Super304H,
HR120
Economizer SA210C SA210C SA 210C SA.210C 5A210C
Lower waterwall T11,T12, T22 T22 T22 T23 T2
Upper waterwall T 23, HCM12 T23, HCM12 HCMI12, T23 TIBINO, 7CrMe V. T92, HOMI2
T23, HCM12
1 Steam 4500 pri is d for this table; 2: Based on ADZN Profect; 3: Based on DOEAICLM) Project; £: For corvonive, igh sulfiur Aow NOx comaditions SHRF end

toaterna tubes maty reguire toctd evertay or cladiding witl IN72 (42% Crl. Tabiz 1 is for general informuation ondy, and docs nat fnclide all the nupees comsiderad by the designer. The service
condition listed in eatit column sepresents the maximnon conditions of exposure.

Fig. 15 Bill of Materials for various components of USC and A-USC coal-fired power plant

boiler steam condition[9]
2.1.4 The alloying elements used for increasing creep resistivity

Increasing of creep resistance through the evolved steel generation
illustrated in Fig. 14 has another connection. Each of creep resistant steels

generation has higher content of alloying elements than previous ones.

For group of stable austenitic steels various ways for creep resistance

improving were used. Scheme for austenitic steels is displayed in Fig. 16.

Austenitic steel

Solution
strengthening

Precipitation
strengthening

| 18%Cr-8%Ni 4{ Type 304 %4.{ Type 316 (Mo) ‘

‘ Cr carbide ‘

Stabilising

Type 321 (Ti), TiIC

Micro alloying of

Nb, Ti, B

High strength
18%Cr-8%Ni steel

Type 347 (Nb), NbC
Under stabilising -
4_—>Lower (Ti + Nb)/C

Alloy design for creep ‘

Cu, Mo, W addition

|

Creep

16%Cr-15%Ni e
= (15%Cr-10%Ni) Type 17-14CuMo ’,est‘sm‘,‘g
steel

Low-cost
creep/

N addition

Creep/

corrosion- ;
{—» corrosion-

— 25%Cr-20%Ni 4‘ Type 310
resistant N
steel resistant
L 21%Cr-32%Ni 4‘ Type alloy800H steel

Fig. 16 General concept of alloy design for austenitic heat-resistant steels [7]
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2 Theoretical part

Alloying elements used for creep resistant increasing are Mo, Nb, Ti, V, W, N,
B, Co [16].

Changes of mechanical properties are affected by many factors.
Precipitation processes, changes at grain boundaries and grain coarsening
mainly influence mechanical properties [16]. All the processes closely relate to
the type and content of alloying elements. Following elements groups are set

according to the type of interaction in the steel.

Dividing of the influence of elements [6],[16]:

Interstitial elements, secondary phase precipitation — C, N

Dissolving in steel matrix (matrix distortion - hardening) — Mo, W, V, Co

Stabilizing elements by precipitation carbonitrides— Ti, Nb, Ta, Zr

Elements ingoing to secondary phases — Cr, V, Nb,
The alloying elements influence:

Cr Ferritic area stable element, ensures steel corrosion resistance, over
temperature 500°C precipitation of the chromium carbide M(Cr)xCs, if there are

suitable conditions can precipitate like sigma phase (o phase)

Ni Austenitic area stable element, dissolving in the steel matrix,
influence to maximal solubility of carbon in matrix, higher nickel content

decrease carbon solubility [16]

Nb Alloying by niobium stabilized austenitic steels by reacting with
carbon and decreasing the sigma phase precipitation rate [16]. Maximal benefit
for creep rupture strength have alloying by 0,7 % [16]. The beneficial effect of
alloying Nb is presented in Fig. 17
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elements,

Effect of Nb on creep rupture strength of 18Cr—8Ni steels [7]

precipitation of secondary phases,

significant influence on creep rupture strength, precipitation of carbides or

carbo-nitrides, precipitation causes decreasing of interstitial hardening, on the

other hand increases steel precipitation hardening

Ti

Stabilising steel by reacting with carbon, fine titanium carbides

precipitation decreases or avoids precipitation rate of chromium carbides at the

grain boundaries, stabilisation influence to the steel is lower than by niobium.

Tiand Nb combined contribution to creep resistance illustrate Fig. 18
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Effect of (Ti + Nb)/C ratio on creep rupture strength of 18Cr10NiNbTi steel [7]

17



2 Theoretical part

B Partially precipitates in M23Cs carbides and partially at the interface
between carbide-matrix [6], boron atomic size (0,095 nm) leads to high
interstitial hardening of steel, another possibilities of placing the boron atoms
are grain boundary defect areas [16], which decrease sliding of grain boundaries
during creep exposition, lower grain boundaries movability provides steel creep
resistance, boron affects precipitation of carbides and sigma phase at grain
boundaries [16], benefit of boron alloying to steel creep resistance is
documented over content of 0,0005%, usual range of boron alloying is 0,005 to
0,07% [16]. Maximal boron content in steels is set as the beginning of the boron

particles precipitation.

Cu Precipitation hardening by fine disperses Cu rich phases [6]. Copper
alloying influence to properties of steel SUS 304H is described in [17]. Benefit of
alloying is increasing of steel creep resistance. There is information about
increasing of stress corrosion cracking resistance by copper alloying. The

beneficial effect of alloying Cu is presented in Fig. 19
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Fig. 19 Effect of Cu on creep rupture strength of 18Cr—8Ni steels [7]

2.1.5 The precipitates causing embrittlement in austenitic creep

resistant steels

Embrittlement of the austenitic steels from group 18/9 is in general caused
by precipitation of the intermetallic phase. Name of those precipitation groups is
the sigma phase. The sigma phase precipitates in Fe-Cr system. Precipitation of

a sigma phase leads to the serious alloy embrittlement.
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The sigma phase early precipitation stages were first time identification in

year 1907 [10].

The sigma phase may precipitate in several variations, depending on the
chemical composition of the steel. Fig. 20 illustrates different chemical

composition of the sigma phase and its lattice parameters.

Composition of phase (wt%)

Alloy Lattice parameter (A) . Formula

Fe Cr Ni Mo Si
Fe-Cr ag = 8.799, ¢y = 4.544 Fe-Cr
Fe-Mo ap = 9.188, c; = 4.812 Fe-Mo
17Cr-11Ni-2Mo-0.4Ti — 30 4.3 9 0.8
17Cr-11Ni-0.9Mo-0.5T1 — 33 4.5 5.4 0.7
Type 316 ao = 8.28~8.38, ¢y = 4.597~4.599 55 29 5 11 — (FeNi).(CrMo),
Type 316L ag =921, ¢ = 4.78
20Cr-25-34Ni-6.5-8Mo ap = 8.87, cp = 4.61 35/37 17/26 15/21 21/28 —
25Cr-20Ni — 40 46 9.4 — 3

Fig. 20 The sigma phase lattice parameters depending on the chemical composition [10]

Both steels SUPER 304H and Tp 347HFG have average base of alloying
elements ratio 18/9. Precipitation diagram for alloy with 19 % Cr and 9% Ni is
plotted in Fig. 21. Letters B, H, E mean: B: initial precipitation, H: intermediate

stage, E: final precipitation stage.

The diagram indicates beginning of the sigma phase precipitation after 100
expose hours at 600 °C. This time is several orders of magnitude lower than the
power plant projected lifetime. So, it will be necessary to creates same

prediction model of sigma phase precipitation.

_ 19Cr/9Ni :
& 900 ;e EEEEER R
Z800f.---- L :
5700 - R
L SR
0.1 1 10 100 1000 10000

Time (hours)

Fig. 21 The sigma phase precipitation time — temperature dependence for system 19/9

[10]

The precipitation diagram shown in Fig. 21 was published for base

constitution of austenitic steel. Both SUPER 304H and TP 347HFG are alloyed by
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other elements like copper, niobium etc. Those alloying elements will influence

the sigma phase precipitation.

Fig. 22 displays a scheme of the initial sigma phase precipitation stage.
Precipitation begins at grain boundaries near to the high chromium regions.
Next stages are illustrated for steel AISI 316L in Fig. 23. Fig. 23 documents
precipitation occurrence not just at grains triple intercourses, but inside the
grains too. Austenite degradation in meaning of delta ferrite formation is shown
in Fig. 23, too. Delta ferrite regions accelerate the sigma phase precipitation.
Highly alloyed austenitic steels like SUPER 304H or Tp 347HFG are alloyed by
austenitic stabilized elements. This type of alloying ensures fully austenitic
structure during heat exposition. Fully stable austenite means slower sigma

phase precipitation.

According to the published precipitation mechanism it is clear that
precipitation process is driven by diffusion. Diffusion in solids is described by
Fick’s laws. Precipitation process is firstly precipitation of chromium carbides
and lately carbides transformation into the sigma phase. This process is driven

by carbon and chromium diffusion.

Case 1:y / Grain boundary
/

Platelet o

Fig. 22 The sigma phase precipitation scheme [10]
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Fig. 23 Progress of the sigma phase precipitation in steel AlSI 316L [10]

Sigma phase precipitation is influenced by many factors like chemical
composition of steel, ageing time/temperature, additional steel deformation.

Higher deformation rate leads to precipitation accelerating.

Phase nucleation can be homogenous or heterogonous [16]. The sigma
phase precipitates preferably in chromium rich areas. Chromium content in
ferrite is higher than in austenite. Precipitation will firstly start in ferrite regions.
Fig. 24 displays precipitation rate in ferrite, austenite 18/10 and austenite
18/13Nb. The austenitic steel with no delta ferrite dissolve chromium carbides
first. Chromium carbides dissolving causes a chromium rich area. This area is
a preferable start point for sigma phase precipitation [16]. Slowing down of the
sigma phase precipitation rate caused by N alloying is described in [18]. Similar
information was published in [10]. Slowing down of precipitation rate is caused

by prior carbides and carbo-nitrides precipitation and then sigma phase.

o-phase in austenitic steel 18/10
800
750
700 Sen

650 N

\ Y N h
'S
N

o-phase in steel 18/13 Nb

Annealing temperature °C
/

800 o s N
o-phase in ferrite
550 .
10 100 1000 10 000 100 000 1,000 000
Hours | - 1 1
Time 1 10 100
—_— Years

Fig. 24 The sigma phase precipitation curves for various modification of austenitic steels

[16]
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Beginning of precipitation processes is dependent on original material
microstructure (Fig. 24). Ferritic matrix is more susceptible for sigma phase
precipitation in comparison with austenite. There is lots of information listed
about meta-stable steels but just a little information about sigma phase
precipitation in fully stabilized austenite. No information about sigma phase
precipitation is published for complex alloyed systems like SUPER 304H. The
sigma phase precipitation processes for steel SUPER 304H will be definitely

slower.

The precipitated volume fraction of sigma phase in various types of alloys is
shown in Fig. 25. Graphs confirm that other alloying elements influence sigma
phase precipitation rate. Category including the steels SUPER 304H and
Tp 347HFG is austenitic complexly alloyed steels. The main word is complexly.

Here is place to make model of sigma phase precipitation.

5
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Fig. 25 The influence of Si, Cr, Mn, Ni and C content to sigma phase precipitation

(annealing 1250°C and exposition 1000 hours/ 850°C) [16]

Fig. 25 summarized influence of alloying elements in high chromium and
nickel austenitic steel. On the other hand, there is no information about influence
of copper which is nowadays used like alloying element in complexly alloyed

steels like SUPER 304H. That is missing information.

The sigma phase precipitation influence to the mechanical properties
obtained from short time testing is well known and is significant ([12][13][16]).

On the other hand, creep rupture strength influence is probably low ([16][19]).
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Combination of sigma phase precipitation and missing information about
interaction between sigma phase and for example copper (alloyed in SUPER
304H for increasing of creep resistivity) may lead to changes in creep rupture

strength.

2.2 The specific austenitic steels from group 18/9 for USC power

plants

The sub-chapter 2.2 summarizes literature information about the two
examined creep resistant steels SUPER 304H and Tp 347HFG. Mechanical
properties, physical properties and chemical composition are listed. Last part
summarizes difference between both steels which are crucial for the

precipitation examination and optionally for modelling.
2.2.1 SUPER 304H

Steel SUPER 304H is relatively newly developed. It means that in literature
there is just a little information about this steel. SUPER 304H is fine grain (ASTM
G 8-10) complexly alloyed steel from group of austenitic steels 300 (according
ASTM). The ratio of base alloying elements is 18/9 (18% chromium and 9%
nickel). Copper, nitrogen, boron and aluminium are used like alloying elements.
The carbon content is optimized in range 0,07 — 0,13 %. Copper improves creep
resistance by fine dispersion coherent precipitates. Nitrogen with carbon
precipitated like chromium carbonitride inside grains. Precipitation of
carbonitrides inside grains reduces chromium carbides precipitation possibility

on the grain boundaries. [7]
Normative steel specification is summarised by [20].

Literature [21] and [22] shows application of austenitic steels to the
superheaters loops. Operation conditions are temperature in range of 640-650 °C
and pressure 30 MPa. On the basis of strength calculations and acceptable
calculated wall thickness listed in [22] steels SUPER 304H, Tp 347HFG and HR3C

are acceptable for those operation parameters.

23



2 Theoretical part

Polish Institute for Ferrous Metallurgy research activities were focused on
the steels SUPER 304H and HR3C. Unfortunately, in [22] it is listed that diameters
of tubes were 42,4 and 51 mm and hardness of the welding joints didn’t

overstep 260HV.
Chemical composition

The chemical composition according to the DMV datasheet of steel SUPER

304H is presented in Tab. 1.

Tab. 1 Chemical composition in mass % according ASME Case 2328-1 [23]

C Si Mn P S Cr Ni |Nb(Cd)| Cu N Al B

% min.| 0,07 1700 750 | 030 | 2,50 | 0,05 {0,003 0,001

%max.| 0,13 | 0,30 | 1,00 | 0,04 | 0,01 |1900|10,50| 060 | 3,50 | 0,12 |0,030|0,010

Mechanical properties

Mechanical properties published in DMV datasheet are shown in Tab. 2.

Tab. 2 Mechanical properties according ASME Code Case 2328-1[23]

MPa | ksi
Y.S. min. 235 |34
U.T.S. min. | 590 | 85

Ein2” min, % 35

According to the [23] the impact strength KV in longitude direction is 85J
(Average value from 3 specimens. The average value may fall short only with one

specimen, and only by max. 30%).
Creep

In literature there is information about accelerated creep tests of SUPER
304H steel [24]. Steel was tested without measurement of elongation. Testing
conditions were tension of 150 and 180 MPa with combination of 650, 675, 700,
725 and 750 °C. The set of results is summarized in Tab. 3. Graphical
interpretation of results is plot in the charts in Fig. 26 and Fig. 27.
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Tab. 3 Creep rupture strength of steel SUPER 304H [24]
Testing temperature T, (°C)
Testing tension o, (MPa) 650 675 700 725 750
Time to rupture tz (h)
150 (10000) 8330 250 484 111
180 6770 1805 430 103 22
1000000
] in progress
100000
. I \ ----- extrapolation
= N
3 N
2 1000 >
5 \.\
3 oy =150 MPa TS
0 100 *
:
= 10
1
600 620 640 660 680 700 120 740 760

Fig. 26

1000000

100000 1=«

10000

1000

100

Time to rupture t., h

Fig. 27

Test temperature Ty, °C

op = 180 MPa

620 640 660 680 700

Test temperature Ty, °C

extrapolation

\\\t.

N

720 740 760

Time to rupture — temperature diagram for tension of 150 MPa [24]

Time to rupture — temperature diagram for tension of 180 MPa [24]

The results presented in [24] are in agreement with requirements of ASME

Code Case 2328-1 (Boiler and pressure vessel code). Values over 10000 hours are

just extrapolated.

25




2 Theoretical part

Average preliminary creep strength values for 10,000 h and 100,000 h are
summarized in Tab. 4. The lower scale band can be estimated as 20% lower than

average values. [23]

Tab. 4 Creep rupture strength of steel SUPER 304H by [23]

Temp.°C | 600 |610|620 | 630|640 | 650 | 660 | 670 | 680 | 690 | 700 | 710 | 720 | 730 | 740 | 750
10,000h
2401222 206 (192|174 160|146 134 (1241114101 | 92 | 84 | 76 | 68 | 61
MPa
100,000h
1821165 (152 139126116 |105| 96 | 86 | 78 | 68 | 61 54 | 48 | 42 | 37
MPa

2.2.2 Tp 347HFG

Austenitic creep resistant steel Tp 347HFG has the base alloying elements
ratio 18/12. For increasing steel creep resistance Nb in combination with higher
C content is alloyed. Alloying of Nb+C provides the niobium carbonitrides
precipitation. In steel mark HFG means high fine grain. Grain size of Tp 347 HFG is

ASTM G 7-10. [25]
Chemical composition

The chemical composition of steel Tp 347HFG found in literature is listed in

Tab. 5.

Tab. 5 Tp 347HFG chemical composition in Wt. % [25]

C Si Mn P S C Mo Ni Ti Nb

0,09 04 0,15 0,026 | 0,001 18,21 - 11,34 - 0,88

Chemical composition published in Tp 347HFG datasheet [26] is

summarized in Tab. 6.
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Tab. 6 Chemical composition in mass % according ASME SA-213/SA-213M [26]

C Si Mn P S Cr Ni Nb +Ta
% min. 0,06 17,00 9,00 8xC
%max. 0,10 0,75 2,00 0,04 0,03 20,00 13,00 1,00

Mechanical properties

Base mechanical properties are summarized in Tab. 7.

Tab. 7 Mechanical properties according ASME SA-213/5A-213M [26]

MPa | ksi
Y.S. min. 205 | 30
U.T.S. min. 550 | 80

Ein 2" min., % 35

The impact strength KV in longitudinal direction is min. 85 J (Average value
from 3 specimens. The average value may fall short only with one specimen, and

only by max. 30 %). [26]
Creep

Average preliminary creep strength values for 10,000 h and 100,000 h are
summarized in Tab. 8. The lower scale band can be estimated as 20% lower than

average values. [26]

Tab. 8 The creep values of steel Tp 347HFG by [26]

Temp. °C 600 | 610 | 620 | 630 | 640 | 650 | 660 | 670 | 680 | 690

10,000h MPa | 215 197 182 168 155 142 130 119 108 99

100,000h MPa | 159 145 134 120 109 100 90 81 72 65

2.2.3 The similarity and differences of both steels

Steel SUPER 304H is modern and more complex alloyed in comparison with
Tp 347HFG. It is consistent with higher creep resistance of SUPER 304H in
comparison with a Tp 347HFG (Fig. 28). Both steels were created by continuously
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modifications of origin AISI 302 and are members of the stable austenitic steels
group 18/9 (Fig. 28). It means that base alloying elements ratio is 18% chromium
and 9% nickel. In fact, this categorization can be quite confusing because SUPER

304H average nickel content is 9% and Tp 347HFG 10% (Fig. 29).

W Addition (74) (85)
_.{ 18Cr-ONIWVND 20Cr-25NiMoNbTi
XAT04 (53) NF 709
(ASME TP347W) (SUS310J2T8)
(SUS347 J1TB)
Heat {Alloy 800H)
-C T8CraNT, Treatment (58) (66)
™ Cc<0.08 22Cr-15NiNbN
(AISI 308) (40-60) (ASME TP347HFG) Tempaloy A-3
" ‘ H Grade e hariiatre (SUS309J4HTB)
" 18Cr-10NITi | | .04 - 0. [
r-TONIT | ] 0.04 -0.10C Optimization (58)  Cu Addition  (76)
(IS 321) ( ﬁ::: gg'm s TBCr1ONINBTI | 18Cr1ONiCUTIND
18Cr-8Ni H b - AlSI 347H Tempaloy A-1 Tempaloy AA-1 : (89)
tneraoar | A L AISI 316H (SUS321J1HTB) [ ASME TP 321HCuCb ) -+ ISR
- NISian) (75) CuAddition (0) | SUSSZMHTE HREW
- 17Cr-14Ni { 18Cr9NiCuNbN High Cr-High Ni B
|- 16Cr-12N|Mo| | -
CuMoNbTI Super 304H (73)
(AISI 316) - -
(A ; N 30Cr-50NiMoTizZr
SUS304J1HTE | @)  Cr3oA
+»{ 22Cr-25NIWCUCoNbN |
Sanicro 25
'g( (37) (65) (90) ‘
~Ni | -
“—»| 22Cr-12Ni |—»{ 25Cr-20Ni |—»] 25Cr-20NiNbN | 23Cr-18.5NIWCuNbN |«
(AIS] 309) (AISI 310) HR3C SAVE25
ASME TP310CbN | (SUS310J3T8B)
L sus310J1TB
( ) Designates 10% h Creep rupture strength (MPa) at 700°C.
Fig. 28 Development progress of austenitic boiler steels [7]
Steels Chemical composition (mass%)
c Si Mn Ni C Mo W V Nb T B Others
18%Cr-  TP304H 18Cr-8Ni 008 06 16 80 180 - - =
8%Ni TP316H 16Cr-12NiMo 0.08 06 1.6 12.0 16.0 2. - - - - -
TP321H 18Cr-10NiTi 0.08 08 1.6 10,0 18.0 - - - - 050 - -
TP247H 8Cr-10NiNb 0.08 0.6 .6 0.0 .0 - - - 0.80 - - -
| TP347HFG Cr=10NiNb (FG) 0.08 0.6 . 0.0 .0 - - - 0§C - -
empaloy A-1 Cr-10NING 0.12 0.6 . 0.0 0 - - - 0.10 0.08 - —
Super304H 8Cr-9NiCuNbN 0.10 0.2 0.8 9.0 0 - - - 0.4 - - 3.0Cu,
0.1N
Fig. 29 Nominal chemical composition of austenitic steels for boilers [7]

Summarization of the mechanical and creep performed properties in the
chapters 2.2.1 and 2.2.2 in general shows that SUPER 304H has superior
properties than Tp 347HFG. This result is caused partially by mechanical
processing of the steels and mainly by their chemical composition. Comparison

of the steels chemical composition is summarized in Fig. 30.




2 Theoretical part

SUPER 304H Tp 347HFG
% min. %omax. % min. %max.
C 0,07 013 C 0,06 0,10
Si 0,30 Si 0,75
Mn 1,00 Mn 2,00
P 0,04 P 0,04
S 0,01 S 0,03
Cr 17,00 19,00 Cr 17,00 20,00
Ni 7,50 10,50 Ni 9,00 13,00
Nb(Cd) 0,30 0,60 Nb +Ta 8xC 1,00
Cu 2,50 3,50
N 0,05 012
Al 0,003 0,030
B 0,001 0,010
Fig. 30 The chemical composition comparison [23][26]

First difference is in content of base alloying elements (Cr and Ni). Influence
of chromium and nickel alloying in binary system is presented in Fig. 31. Most
interesting part is over 30 % of chromium where sigma phase region is.
According to the information summarized in subchapter 2.1.5 sigma phase can
precipitate under this chromium content during heat exposition. The sigma
phase precipitation rate will be strongly dependant on carbon and chromium
beginning of

content (initial state of sigma phase precipitation). After

precipitation the precipitation rate will be driven by diffusivity of chromium, iron

and nickel.
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Fig. 31 Double binary diagram Fe-Cr and Fe-Ni [27]
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The second difference in chemical composition is complex alloying for
increasing steel creep resistance. For increasing SUPER 304H steel creep
resistance is alloyed Cu, N, Al and B (boron increases mechanical properties too).
Cu alloying into steel SUPER 304H may ensure nanoprecipitation of Cu coherent
particles, which may slower creep processes. All of those alloying elements will
influence sigma phase precipitation rate just by their content. Precipitation

processes for steel SUPER 304H will be probably slower than for Tp 347 HFG.

A question is, how stable the steels under long term heat exposition will be.
2.3 The austenitic 18/9 creep resistant steels structural stability

The information about heat exposition influence on the steel SUPER 304H is
presented in [11][13][19][24]. In general influence of heat exposition on the

austenitic steels is:
e (Grain coursing
e Slowly generating of corrosion layers
e The microstructure changes

Linearly oriented niobium carbo-nitrides are only precipitates in the original
state of steel [11]. Microstructure changes caused by heat exposition (650 and
700 °C) up to 3000 hours are describe in [24]. Documented microstructure
changes are changed of niobium particles size and chromium carbides (CrCe)
precipitation. Unfortunately, time of 3000 hours is quite low for microstructure

changes assumption.

Initial state of steel SUPER 304H (Fig. 32) can be correlated with state after
3000 hours at the temperature of 700°C (Fig. 33).
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HV [det| HFW | WD | mag | s 40 ym
15.00 KV ETD |81.6 ym| 8.5 mm [1 000 x

Fig. 32 The initial state of steel SUPER Fig. 33 Microstructure of steel SUPER
304H [24] 304H after 3000 hours of ageing at
700°C [24]

It was mentioned that 3000 hours of ageing is quite low for some
predictions. It will be necessary to have a look to the state after 15000 or more
hours of ageing. After longer expose time, sigma phase precipitation can occur

in microstructure of SUPER 304H steel.

The sigma phase precipitation system for austenitic steel 316H is published
in [28]. Transformation M»Cs — laves phase — sigma phase is documented.
Precipitation of the laves phase in this system is very implausible. Probably it is
bad identification during EBSD. Fig. 34 and Fig. 35 present the sigma phase

experimental documentation for steel type 316H after thermal exposition.

Total
Phase Fraction
B somarhase 0.0as
B ron- Damme LEEE]
[ LsvesPhase o008
B oz:os 0008

Fig. 34 EBSD orientation map and phase map of type 316H [28]
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Fig. 35 Fraction surface of type 316H steel with black pointed sigma phase [28]

Precipitation of the sigma phase for steel type Tp 347HFG after laboratory
exposition up to 10000 hours is present in [25]. The sigma phase microstructure
in austenitic matrix of Tp 347HFG is shown in Fig. 36. Total measured area

fraction is displayed in Fig. 37.

Presented results are very beneficial like information about sigma phase
precipitation. On the other hand, exposition temperature is absolutely out of
range suitable for those material applications. There will be necessary to repeat

this experiment but with using of lower temperature and longer time of

exposition.
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Fig.36  Sigma phase in 347HFG after a) 5 000 hours and b) 10 000 hours of aged 750°C
[25]
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Fig. 37 Area fraction of the sigma phase in 347 HFG stainless steel [25]

2.3.1 The mechanical properties changes caused by instability

It is definitely possible to state that alloy chemical composition has an

influence on the mechanical properties.

Tab. 9 documents copper additional influence on the mechanical properties

of SUPER 304H. Higher copper content reduces all the conventional mechanical

properties. The most significant difference is between three and five percent. It is

interesting because possible copper content is 25 — 35 %. As we have

mentioned above copper might increase creep resistance. Difference of the

copper content will have influence not just on the mechanical properties, but on

the creep resistance, too. This gives possible space to model behaviour of steel.

Tab. 9 Mechanical properties of SUPER 304H by copper content [17]

Cu content Re Rm Elongation Fracture toughness
% MPa MPa % MPa*m'/?
0 362 734 66 45,8
1 350 714 60 46,0
3 300 618 61 49,7
5 290 624 46 47,8
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The following table (Tab. 10) documents the mechanical properties
changes caused by short time of ageing. Ageing temperatures were 600, 700
and 800 °C. Six hundred degree of Celsius is lower than projected operation
conditions, on the other hand seven hundred is slightly higher and eight
hundred is over projected working parameters. In all three cases, mechanical
properties were documented. Maximal aging time was three hours, which is
really short time in comparison with projected lifetime of the power plant. Short

time changes aren’t negligible. Those results raise two questions:
e How fast will the change be during the longer-term exposition

e What will changes caused by in-technological superheater operating be

like

Tab. 10  SUS 304H mechanical properties after short them aging [29]

Aging time (hrs.)
Temperature (°C) Property Unit
0 1 2 3
Rm MPa ©68,8
RT Re MPa 273,0
A % 59,0
Rm MPa ©61,9 639,0 6100
600 Re MPa 219,2 216,5 213,0
A % 56,6 57,3 58,1
Rm MPa 6178 597,8 578,5
700 Re MPa 2144 201,3 191,7
A % 554 56,5 57,1
Rm MPa ©615,0 597,0 5778
800 Re MPa 211,7 200,6 191,0
A % 55,1 55,3 56,6

SUPER 304H mechanical properties measurements after exposition 1000
and 3000 hours are presented in [24]. Exposition temperatures were 650 and
700°C. The changes caused by exposition are significant in case of tension

strengths but enormous in case of impact strength.

34




2 Theoretical part

Result of the tension strength testing is that hardening effect of

precipitation and its degradation of mechanical properties are balanced.

Elongation of steel SUPER 304H after heat exposition decreases. This state
is caused by precipitation of sigma phase which is highly brittle. Brittle phase

content leads to the decrease of the possible elongation.
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for exposed material. Exposition exposed material. Exposition
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1000 and 3000 hours [24] 71000 and 3000 hours [24]
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Fig. 40 Elongation of exposed Fig. 41 Elongation of exposed material.
material. Exposition  parameters Exposition parameters 700°C,
650°C, exposition time 1000 and 3000 exposition time 1000 and 3000 hours
hours [24] [24]

The most markantable change is drop of inpact strength (Fig. 42). Steel
embritlement can cause problems during the lifetime of the superheater or by
formating and developing of the cracking caused by welding into brittle

degradet superheater steel.
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Fig. 42 The impact strength of initial and exposed steel [24]
2.3.2 The transformation kinetics

Description of the transformation (or precipitation) kinetics is strongly

dependent on many factors. The most important (with higher influence) are:
e Chemical composition
e Exposition time
e Temperature of heat exposition
e Applied tension

The equations which get together two or more of named parameters were

historically accepted and still used for the kinetics description.
2.3.2.1 The applied parameters equations for the degradation description

The temperature and time of heat exposition can be combined into one
parameter by the equations referred in this subchapter (Eqg. (1) - Eq. (3)). Three of
possible parametrisations are shown below. For each type of parametrization

schematic figure presenting constant stress lines is added (Fig. 43 - Fig. 45).

36



2 Theoretical part

Larson-Miller parameter [15]

LMP = T(K; + logt,)

Eq. (1)
LMP — Larson-Miller parameter K1 - constant depend on
material (range 10-40, average value
T —Temperature

about 20)

tr — Time to rupture

o, Ta

log t.

( T

Larson-Miller
(a) P=T(logt + Ky)

Fig. 43
[15]

Schematic representation of constant stress lines for Larson-Miller parameter

Orr-Sherby-Dorn parameter [15]

B,
logA, =logt, — 53T

Eq.(2)

A2 — Material constant B2 — Material constant

tr — Time to rupture T —Temperature
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Fig. 44 Schematic representation of constant stress lines for Orr-Sherby-Dorn parameter

[15]
Manson-Haferd parameter [15]
t, = Asexp(—B3T) Eq. (3)
tr — Time to rupture B3 — Material constant

A3 — Material constant T —Temperature

log 15, T
‘\§ (log 15, Ta)
S
- Gy \
g \ o,
o2
On
1§
Manson-Haferd
_ logt, - log t.
() P=

T—Ta

Fig. 45 Schematic representation of constant stress lines for Manson-Haferd parameter

[15]

For degradation description in experimental part of this thesis

Larson — Miller construction will be used.
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2.3.3 The structural constitution modelling

Precipitation predictions based on the experiments, like creep tests and
laboratory heat exposition, need extremely long time. Those long-term
experiments are not just of long duration but are extremely expensive, too.
Possibility for prediction in shorter time is to model microstructure changes and

precipitation processes.

Information about microstructure changes prediction for steels SUPER 304H
and Tp 347HFG is too low or none in literature. Specific constants and general
information about sigma phase precipitation in different alloys are published but

this information is unfortunately nearly useless.

The sigma phase precipitation in duplex stainless steel is analysed in [30].
Description of precipitation process is shown and described by CALPHAD
approach. Scheme of precipitation is plotted in Fig. 46. The longest time used in

[30] is about 100 hours. This is too low for our application.

(a) Austenite
Sigma phase t;
Sigma phase t2

Secondary
austenite ty

Sigma phase

\

g

Fig. 46 The sigma phase precipitation scheme in stainless duplex steel[30]

Mathematical background of precipitation is listed in [31]. Unfortunately,
this article is also about duplex steels. Model is based on Avrami type of

equations.

Article [28] presents modelling of precipitation phases in steel 316H based
on Monte Carlo random sampling. This method considered inter-granular and

intra-granular precipitation. On the other hand, model considered just average
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calculated values. Results of modelling are shown in Fig. 47. Meaning of single

charts is:
a) Inter granular M»Cs carbide size at 750°C
b) Inter granular MxCs carbide volume fraction at 750°C
c) Inter granular sigma phase precipitation size at 750°C

d) Simulated volume fraction for different phases at 750°C

a b

= Modolling Results 2 24 = Modeling Results
o E ™ i :

| L=8—Experineniai M ol . 22 ‘ ® Experimental Measurements

m? é _/ 2%

600 <

Precipitation size, nm

Volume Fraction of Precip

T T T T T T
100 1000 10000 100000 100 1000 10000 100000

c Time_ hours d Time, hours

Intergranular M_,C, Carbides
@ Intragranular Fe_ Mo Laves Phase
6 A Intergranular Sigma Phase

8- Modelling Results

® Experimental Measurements

Precipitation size, nm
i
Volume Fraction of Precipitation, %
S
I

- v SAA !
100 1000 10000 100000 100 1000 10000 100000
Time, hours Aging Time, hours

Fig. 47 Results of modelling for steel type 316H[28]

Thermodynamic calculations for steel type Tp 347HFG by Thermo-Calc
software is presented in article [25]. This software simulated just stable state of
precipitation and is strongly influenced by inputs databases. That can cause high
inaccuracy of modelling. Simulated results are presented in Fig. 48. In
conclusions of the article it is mentioned that precipitation documented by

microscopy at real exposed samples disagree with modelling.

Results published in [25] were calculated for stable state of alloy. There is
no information about kinetics of transformation. Transformation kinetics is

unfortunately most interesting for application of the structural modelling.
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Fig. 48 Phase predicted in 347HFG stainless steel with Thermo-Calc software [25]

Thermodynamic calculations were used for precipitation modelling in the steel

SUPER 304H. The Thermo-Calc with database TCFE6 and USER was used. Temperature

dependant modelled coexist phases illustrates Fig. 49. Temperature dependence of

sigma phase chemical composition is summarised in Fig. 50. The constitution diagrams

in Fig. 51 for 800°C, in Fig. 52 for 700°C and in Fig. 53 for 600°C shows that steel SUPER

304H is out of the sigma phase precipitation range. This result contrary base information

about sigma phase precipitation published in [10]. Steel SUPER 304H investigations for

sigma phase precipitation are necessary.

0.10 M S E—

0.09 BCC Fcc| |L
0.08
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= 0.05- 3...Sigma
o
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0.03 1 3
0024 |

1
0.01 Z MX
0 2 B3

TEMPERATURE_CELSIUS

400 600 800 1000 1200 1400 1600

Fig. 49 Modelled coexist phases for chemical composition of steel SUPER 304H [32]

Published results (Fig. 49) seem like probably unreal. SUPER 304H steel is

stable austenite and crystallised in FCC system. BCC system cannot occur for

SUPER 304H steel. Modelled results must be strongly inflated by used database.
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Chemical composition of sigma phase is SEUPR 304H steel dependence on

Following images were calculated by using a modified database. But there

are still areas with coexisting BCC matrix.
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Isothermal phase diagram of steel SUPER 304H at temperature 800°C [33]
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Isothermal phase diagram of steel SUPER 304H at temperature 600°C [33]

2.3.3.1 The basis of commercially used modelling methods

Free enthalpy method

An analytical method, the greatest advantage of which is the simplicity the

free energy of the systems can be calculated, with including the microstructures

of several types of precipitates. In addition, when the system’'s free energy is

evaluated, it is assumed that the method will predict partial evolutions of
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current reactions as the method comprehensively compares each change of

microstructure to a common scalar energy scale.

As an example of using of this method precipitation of sigma phase and
M.3Ces carbide for 18/8 austenitic steel is shown in [34]. The system free energies
of the microstructures in which precipitates (M»3Cs and sigma phase) formed in
the austenitic matrix were estimated from the sum of the following quantities:
chemical free energy Go of the Fe—C—Cr—Ni quaternary steel, the elastic strain
energies Es resulting from difference in the lattice constants between the g
matrix and the respective precipitation, and the interfacial energies E.uf between
the matrix and the respective precipitation. The system free energy of the

microstructure is given by the sum of these energies:

GSYStem =Gy + Egy + Esurf Eqg. (4)

The relationship between the evolution of microstructures and the free
energy change can be plotted for the above mentioned case, as shown in Fig. 54.
This figure presents a schematic illustration of the changes in the free energy
during precipitation in the austenitic matrix. The dashed curves labelled Gy and
G, show the composition dependence of the chemical free energy of the g
matrix and the precipitates, respectively. If the concentration of precipitates
formed in the austenitic matrix reaches ¢, and the concentration of the g matrix
in the steel is ¢g with the average concentration being co, the free energy is
generally assumed to decrease from the energy level of the supersaturated g
solid solution Gs to the equilibrium energy level Go. However, because
precipitation invariably results in additional free energies such as the elastic
strain energy and interfacial energy, the total free energy of the microstructure is
not Go but Gsstem. COnsequently, the change in the free energy resulting from the
precipitation is only (Gs-Gsystem), and the remaining energy (Geystem-Go) gradually
decreases during the subsequent structural coarsening of the precipitates or the
loss of coherence between the matrix and the precipitates. Therefore, an
evaluation of Gssiem and the identification of the minimum energy path is
expected to enable the prediction of M23Cs and sigma phase in the precipitation

in 18Cr—8Ni austenitic steel. [34]
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Fig. 54 A schematic illustration of the change in free energy during the precipitation of

M,3Cs and s phase from the g matrix [34]
The CALPHAD methodology

CALPHAD is originally an abbreviation for CALculation of PHAse Diagrams,
but was later expanded to refer to Computer Coupling of Phase Diagrams and

Thermochemistry. [35]

In the CALPHAD method, one collects and assesses all available
experimental and theoretical information available on phase equilibria and
thermochemical properties in a system. The thermodynamic properties of each
phase are then described through the Gibbs free energy, applying
a mathematical model containing adjustable parameters. These parameters are
evaluated by optimizing the fit of the model to all the assessed information, also
involving coexisting phases. Following this it is possible to recalculate the phase
diagram, as well as the thermodynamic properties of all the phases and the
system as a whole. The philosophy of the CALPHAD method is to obtain
a consistent description of the phase diagram and the thermodynamic
properties so as to predict reliably the set of stable phases and their
thermodynamic properties in regions without experimental information and for

metastable states during simulations of phase transformations. [35]

A core ingredient of the CALPHAD method is the development of models to
represent thermodynamic properties for various phases which permit prediction
of properties of multicomponent systems from those of binary and ternary

subsystems. This is accomplished by considering physical and chemical
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properties of the system in the thermodynamic model, for example, account is
taken for crystallography, type of bonding, order-disorder transitions and

magnetic properties. [35]

46



3 The thesis goals

3 The thesis goals

As it was mentioned above both steels SUPER 304H and Tp 347HFG are

structurally unstable under USC operation conditions. In general, there is just

a little or no information about kinetics of the sigma phase precipitation in these

types of steels. The structural changes strongly influent mechanical properties of

the steel. It gives a possible field for study of the structural stability of this type

of steels. Moreover, precipitation is thermally activated and driven by historically

described physical laws which give possibility for modification of a small

material group with similar chemical composition.

Set goals are:

Describe sigma phase precipitation processes for steel SUPER 304H

and perform their general mathematical description

Model precipitation kinetics processes based on chemical
composition and physical laws like modification of the steel
Tp 347HFG

Correlate model with measured particles after the long-term heat

exposition for steel Tp 347HFG

Find and describe the kinetic function of the sigma phase

precipitation for the steel SUPER 304H
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4 Methodology

Experimental part summarizes the used experimental methods applied for
reaching the thesis goals. It is specialized just for methods description to get

possibility of experiments repetition.
4.1 Used experimental materials

Most of the performed experiments were done at the material SUPER 304H
because of its availability. Specification of steel is listed in [36]. Material was
supplied by the Sumitomo Metals. Steel SUPER 304H was supplied in the form of
the seamless tubes with outer diameter 38 mm, wall thickness 6,3 mm and
a tube length of 5700 mm [36]. Heat treatment made by producer (Sumitomo)
was solution annealing under conditions 1150°C / 2 min. / cold by water
qguenched [36]. Samples were separated into two groups Not annealed (NA) and
Annealed (A). Solution annealing was done under condition 1130°C / 15 min. /

water cooling.

The heat number of supplied steel is F124139. Its chemical composition is
summarized in Tab. 11. Supplied steel is in accordance with prescribed values by
the standard ASME Case 2328-1.

Tab. 11  Chemical composition of supplied steel SUPER 304H [36]

C Si | Mn P S Cu | Cr | Ni | Nb B N Al

Min. (ASME Case 2328-1) | 0,07 | - - - - 1250117,0]| 7,5 [0,30|0,001|0,05|0,003

Max. (ASME Case 2328-1) | 0,13 0,30 | 1,00 | 0,04 |0,01{3,50{19,0{10,5|0,60|0,010|0,12|0,030
HeatNo.F124139  |0,080,25|0,81|{0,003| O [3,07|183| 9,0 |0,49|0,004|0,11|0,005

Mechanical properties according [36] tested for complete tubes are listed in
Tab. 12. All measured mechanical properties are in prescribed range. Impact
testing was performed at specimens with 2 mm V notch 10 x 2,5 mm. Average

value is KV,5 = 30J. Grain size of supplied steel according [36] is G 9,5.
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Tab. 12  Mechanical properties of supplied steel SUPER 304H [36]
Room Temperature 600 °C
Rpo.2 Ro Rm A Rpo.2 Ro Rm A
[MPa] [MPa] | [MPa] | [%] | [MPa] [MPa] | [MPa] | [%]
Min. 235 270 590 35 140 165 405 -
Max. - - 850 - - - 850 -
Heat No.
326 376 624 43 200 239 464 37
F124139

Part of experiments at the beginning of the thesis was performed for steel

HR3C because of its availability. Specific chemical composition of used steel

HR3C is summarised by Tab. 13.

Tab. 13  Chemical composition of used steel HR3C [37]
C Si | Mn P S Cr | Ni [ No| N
i i - - - 230(17,0/0,20(0,15
Max 0,10(1,50|2,00|0,0030|0,003|27,0|23,0/0,60|0,35
Heat
0,06|0,41(1,19|0,0016| O |249|19,9|0,44|0,26
F122036

4.2 The laboratory isothermally ageing

For reaching of the degraded state of the austenitic steels SUPER 304H and
Tp 347HFG laboratory isothermal aging without special protective atmosphere
was used. Example of the used laboratory furnaces is shown at Fig. 55 and
Fig. 56. Used temperatures were 650, 675 and 700°C. Those temperatures were
selected like slightly higher with comparison with operation parameters of USC
power plant, because of the degradation processes acceleration. Time of

isothermal ageing was up to 2,45x10%
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Fig. 55 Furnace used for isothermal Fig. 56 The furnace cavity interior

aging
4.3 Preparation of the experimental samples
4.3.1 Preparation

The samples were after isothermal ageing removed from furnace and kept
naturally cooled down. Cutting into semi-finished products for microscopy and
mechanical properties testing was made at metallographic laboratory cutter

Struers by 1,5 mm width cut off wheel 40A25.

The semi-finished samples for mechanical testing specimens were passed

to the workshops for machining into final shape.

The semi-finished samples for microscopy were mounted in case of optical
microscopy into the Sturers Epofix, in case of electron microscopy into the

conductive Struers PolyFast.
4.3.2 Mechanical processing

For samples grinding metallographic Al,Os grind papers with roughness
180, 800, 1200 and 2500 were used. Polishing was divided into two following
steps. First rough polishing by diamond paste D3 (3 um) and then fine polishing

by alumina oxide (0,1 ym).
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4.3.3 Etching

Three types of etching were used:

e Selective etching for the sigma phase revealed — Electrolytic etching

with 10% KOH in distilled water (3V dc, 4 s)

e Uniform etching — mixture of HCI, CH;COOH, HNOs (ration 3:2:1) and
0,1 (ration value) of glycerol. Applied by swabbing

e Uniform etching — Glyceregia [38] — HCI, glycerol, HNOs (ration 3:2:1).
Applied by swabbing

4.4 Description of the used experimental methods

Sub-chapter 4.4 provides a brief description of used experimental methods.
Sub-chapter division is into two groups the microstructure changes and the

mechanical properties testing.
4.4.1 The structural changes study methodology

Part of the thesis focused on the characterisation of structural changes is
crucial for reaching the thesis goals. The sigma phase quantification is based on
colour (selective) etching and optical microscopy. Before quantification of the
sigma phase it was necessary to confirm this phase by more sophisticated
methods. For the phase identification TEM, SEM, EBSD were used. Chemical
analysis of the sigma phase and its near surrounding of austenitic matrix were

measured by EDS method.
4.4.1.1 Optical microscopy

The optical microscopy is based on observation in visible spectrum of light.
Wave length of the visible part of the spectrum is from 350 to 750 nm. This
combination gave maximal useful magnification 1500x. [39] The scheme of

optical microscope is shown in Fig. 57.

Quantification of the sigma phase was made at the optical microscope

Nikon eclipse MA200 (Fig. 58) in magnification 1000x. Image analysis was made
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in the software NIS-Elements Ar by automatic binary image detection with

followed operator refinement.

Optical system of Metallurgical

Microscope
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- "
Condensing
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C;‘:b Objective
‘— Specimen
Fig. 57 Optical system of metallurgical Fig. 58 Nikon eclipse MA200 -
microscope [40] Optical microscope

4.4.1.2 Scanning electron microscopy (SEM)

Observation by SEM is based on nearly the same principal like optical
microscope, but source of signal are electrons. Wave length and then useful
maghnification depends on acceleration voltage. The electron spot can have less
than nanometre in the diameter and rostering at the sample [41]. Resolution of
SEM can be 10 nm [39]. For the sigma phase observation is SEM resolution

satisfactory. Base scheme of SEM microscope is displayed in Fig. 59.

Used SEM microscope Jeol JSM-7600F is equipped with EDS detector and
EBSD detector is displayed in Fig. 60. Used acceleration voltage was in range
10-20 KV (dependence on examine sample). Images were taken by LEI detector

(secondary electrons) and LABE detector (back scattered electrons).

The secondary electrons provide information about structure and
morphology of the observed sample. The back scattered electrons slightly

reflect the chemical composition of an observed sample.

Observation was aimed to document the particles at the grain boundaries.
Phase analysis inside grains was performed via EDS analysis. After mechanical
properties testing SEM was used for observation of the fraction surfaces to

provide information about morphology of a fracture.
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Fig. 59 Scheme of scanning electron Fig. 60 SEM microscope Jeol JSM-
microscope [42] 7600F

4.4.1.3 Transmission electron microscopy (TEM)

Transmission electron microscopy is based on the electron beam passage
through the thin foil made from the sample, interacts with foil and provides
information to the detector under a foil sample. [41] Scheme of the transmission

electron microscope is shown in Fig. 61.

The samples observation was made at microscope JEOL JEM-2100F (Fig. 62).
Microscope has point-to-point resolution 0.23 nm, it is equipped with X-Max80
Oxford Instruments EDS detector for X-ray microanalysis with analytical system
Aztec, HAADF and BF detectors for STEM mode, 8Mpix camera by Gatan and
software Digital Micrograph. [43]

TEM was used for precise particles identification and microchemical EDS

analysis under higher magnification.
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Fig. 61 The scheme of transmission Fig. 62 Transmission electron

electron microscope [44] microscope JEOL JEM-2100F [43]
4.4.1.4 The energy dispersive spectroscopy (EDS)

This method is based on detection of the characteristic X-ray radiation
generated from the examine sample by interaction with electron beam.
Resolution is maximally about one nanometre. The accuracy of the
measurement is on average 10% of measurement value (with usage of the

etalons accuracy can be improved to 1%). [41]

SEM — EDS analysis was performed by the detector Oxford X-Max 50 mm?
with operation software Inca. Chemical analysis provides information not just
about constitution of the precipitates but also about surrounding area or
chemical elements depleted zones. Last application of EDS analysis used in this

paper was mapping of chemical composition.
4.4.1.5 The electron backscattered diffraction (EBSD)

EBSD provides quantitative microstructural information about the
crystallographic nature of metals, minerals, semiconductors, and ceramics - in

fact mostinorganic crystalline materials. [45]

EBSD operates by arranging a flat, highly polished (or as-deposited thin

film) sample at a shallow angle, usually 20° to the incident electron beam
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(Fig. 63) (since the SEM stage is often used to tilt the plane of the sample to this
shallow angle, the value of stage tilt is often referred to and is typically 70°). With
an accelerating voltage of 10-30 kV, and incident beam currents of 1-50 nA,
electron diffraction occurs from the incident beam point on the sample surface.
With the beam stationary, an EBSD pattern (EBSDP) emanates spherically from
this point.

Pole piece
Primary e-beam BSD

Phosphor screen BSD

EBSP

dedector

FSD
EBSP

Sample

Fig. 63 Schematic arrangement of sample orientation in the SEM [45]

By application of this method the particles contain in thermal exposed

samples was identified.
4.4.2 Mechanical properties testing methods

Microstructural changes do not mean just precipitation of the particles
inside of microstructure but also precipitation dependency changes of the
mechanical properties like hardness, strength, stiffness etc. Sub-chapter 4.4.2
provides information about used testing methods for mechanical properties

changes description.
4.4.2.1 The tensile test

All tensile tests were performed under conditions specified by the norm
[46]. It was used short test specimens with reduced diameter 5 mm and equal
test length 25 mm. Heads of tensile test specimens were threaded. All tests
were carried out with stable deformation velocity 0,5 mm/min. The scheme

drawing of used sample type is shown in Fig. 64.
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Fig. 64 The tensile test specimen drawing
4.4.2.2 The Charpy pendulum impact test

The impact strength measurement was done by specifications in the norm
[47]. The reduced impact samples with 2 mm V notch and 5 mm width were
used. Energy of the used Charpy hammer was 300 J. The scheme drawing of the

used sample type is shown in Fig. 65
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Fig. 65 The pendulum impact test specimen drawing
4.5 The precipitation and structural modelling

There are some possible approaches for quantification and description of
the material degradation state and actual mechanical properties description.
One of those approaches is presented in [48]. Presented method was developed
for the steel 12022 and it compares microstructural changes and hardness
measurement. Summarization of the methods is presented by table and plots
Tab. 14, Fig. 66, Fig. 67 and Fig. 68. Methodology of degradation description for
low alloyed ferritic-bainitic steels is well known. On the other hand, no results
are published for austenitic creep resistant steels, which provided motivation for
this thesis. Principle of the method published in [48] can be modified for

austenitic steels.
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Ta

b. 14

Characteristic of degradation phase of structure [48]

Degree of

Ferritic-pearlitic structure

degradation

Ferritic-bainitic structure

A Pure ferritic grain + pearlite

B

Incipient spheroidisation of

cementite lamellae in pearlitic grains

and isolated precipitation of grain

boundary ferrite

Significant spheroidisation of

cementite in pearlite grains, ongoing

precipitation of carbide at grain

boundary ferrite

Pure ferritic grain + bainite
Incipient precipitation of carbide on
ferritic grain boundary, begin of

coarsening of carbide in bainite

Observable coarsening of carbide in

bainite, finishing of precipitation

ferrite, coarsening of carbide on grain

boundary

Nearly complete spheroidisation of Rough carbide, deletion of difference

cementite, rough carbide on grain
boundary, weak precipitation of
carbide inside of grain
Rough sphere carbide inside grain
and on grain boundary, participial
deletion of difference between
ferrite and pearlite grain
Rough carbide mainly on grain
boundary, some carbide inside of

grain

between ferritic and bainitic grains

Rough globular carbide into grain
and on grain boundary, ferrite-

carbide morphology

Rough carbide mainly on grain
boundary, some carbide inside of

grain
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66 The dependence of hardness on
globularisation of cementite for CSN

steel 12022 [48]

Fig. 67
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140
Hardness HV
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The dependence of strength on

hardness of CSN steel 12 022 [48]
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@ Priming chamber after 2.5 -10° howrs of service at
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525°C/104 hours

@ Progress in globularisation

Fig. 68 The dependence of tensile strength on structural parameters [48]

The method presented in literature [48] is just descriptive and there is
a problem with making of a prediction. This problem can be eliminated by usage

of dynamic variable.

Model will be based on combination of the Fick laws, changes of free
enthalpy of system and information about sigma phase. With additional
information this model can be used for other predictions like residual lifetime

calculation.

The input parameters for the model will be chemical composition of alloy,

pressure and temperature,

The first part like length, diameter etc. measurement will be done by optical
microscope/ colour etching. Electron microscopy and EDX analysis provides
information for later researches. The matrix relations and disorientation in
austenite/sigma will be subjected to investigation by EBSD. If it will be possible

TEM will be used.

The prediction model gets together chemical composition of alloy,
temperature and pressure of expose with Fick’s laws of diffusion and changes of

Gibbs free enthalpy.
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Combination of the used equations leads to a dynamic computation model.
The advantage of the dynamic model is possibility to stop the computation in
any time. The possibility of any time computations ends gave better practical

applicability of the model results.

All the information obtained by microscopy will be used for verification of

the prepared prediction model.
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5 Experimental part

Chapter 5 briefly summarizes obtained experimental results linked to

publications where there were published.

5.1 The electron microscopy

5.1.1 The sigma phase particles identification

Exact particles identification is crucial for reaching this thesis goal. The
overview article about sigma phase ([10]) summarises a critical group of
austenitic steels which is suitable for the sigma phase precipitation. This group
contains SUPER 304H, Tp 347HFG and HR3C steels. HR3C is the only one from
those steels with coarse grains. Particles identification for coarse grains steel is
quite easier in comparison with fine grains type. That was the reason why to
start with identification of the sigma phase for steel HR3C. Base material and
welding joints of HR3C were used. Literature [49] shows precipitation processes
in steel HR3C which bellow to the from same category like SUPER 304H (heat
resistant austenitic steel). Precipitation processes are additionally influenced by

plastic deformation etc.

Precipitation accelerated by plastic deformation is shown in Fig. 69 and
Fig. 70. After 15000 hours of thermal exposition precipitation is conclusive
(Fig. 70) [49]. Fig. 69 and Fig. 70 present various types of precipitates. The thesis
is based on the sigma phase description. That calls for precise particles

description.
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L S ™ hrcofes BE i AR
HR3C NB2 NE M4 15000 @ 50 pm HR3C NB2 TL M4 15000 -
Fig. 69 Grain boundary in neutral wall Fig. 70 Grain boundary in pressured
of R60 bend without HT, aged 15000 wall of R60 bend without HT, aged
hours/650°C [49] 15000 hours/650°C [49]

Published results in [50] allocated steel Super 304H into critical group of
steels which is suitable for the sigma phase precipitation. The investigation was
focused on the influence of deformation degree on incidence of brittle sigma

phase precipitation and its effect on the mechanical properties.

Fig. 71 and Fig. 72 show exposed SUPER 304H base material microstructure.
Boiler exposition condition was within the temperature range of 650 - 680°C and
time of exposition 7.5*10° hours. On the grain boundaries and inside the grains it
is possible to document precipitation of various types of particles. The particles

identification was focused on sigma phase occurrence which preferably

precipitates on grain boundaries. [50]

Fig. 71 SEM microstructure of parent Fig. 72 SEM annealed microstructure of
material after exposition in boiler parent material after exposition in
conditions [50] boiler conditions [50]
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For the particles identification combination of various methods was used.
Scanning electron microscope (SEM) provided with EDS detector was used for

the base material chemical composition measurement. [50]

Investigated particles in microstructure are summarised in Fig. 73.

Corresponding EDS spectra are summarise in Fig. 74.

pectrum 2|
x‘.::;.n;..
o
'
“* R e - c 1 ? ) ¢ 5 $ ? 3 f
T Fut Scole 600 a8 Cursor 4 580 (V004 cde) i/
Fig. 73 Analysed particles in Fig. 74 The EDS spectra measured for

microstructure [50] difference particle (Fig. 73) [50]

Chemical composition of measured particles is shown in the Tab. 15.
The differences of chemical composition are negligible. Chemical composition of
particles is approximately same like the base material. As shown in Fig. 74 there
are no significant differences in measured EDS spectra. Any particles occurred in
base material cannot be characterised like the sigma phase, which have
composition approximately 50 % Cr and 50 % Fe. [50] Small difference between
sigma phase and base material chemical composition was caused by the
etching method. During etching sigma phase was firstly etching and then base

material. This caused removal of the sigma phase.

Tab. 15  Measured chemical composition (Fig. 73) [50]

Spectrum Cr [%)] Fe [%)] Ni [96] Cu [9%] Nb [%] Mo [%]
Spectrum 1 18.28 ©5.63 8.72 3.43 3.60 0.34
Spectrum 2 19.15 67.65 8.96 3.02 0.78 0.44
Spectrum 3 20.27 ©6.60 8.96 3.49 0.30 0.39
Spectrum 4 21.18 ©6.24 8.91 3.28 0.39
Spectrum 5 19.82 ©67.60 8.96 2.99 0.23 0.40
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Results from precipitation investigation of SUPER 304H samples after longer
time of laboratory exposition (20 000 hours) was published in [51]. Precipitated
sigma phase is marked at the base of chromium detection in Fig. 75. Position of

precipitation on the grain boundaries triple points agrees with chapter 2.1.5.

,

.-

Electron Image 1

Cr Ka1 Cr Ka1

Fig. 75 Microstructure and Cr map of base material (left) and aged by 20000 hours (right)
[51]

The same mechanism was documented for welding joints of steel
SUPER 304H. Fig. 76 shows microstructure of SUPER 304H initial state in the
crown layer of HAZ. Analysis of microstructure of unaged crown layer showed
that the mean grain size area in the crown layer in HAZ was about 193 um? and
the o-phase was not detected for initial state. Long-term isothermal ageing
caused no significant coarsening of austenitic grains (Tab. 16), however led to
the formation of brittle o-phase (Fig. 77). A detailed investigation of the
microstructure showed that o-phase was predominantly situated at triple points

and also along boundaries of austenitic grains. In the structure of aged based
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material approximately 2.3 % of o-phase was present. Slightly higher values of
the o-phase concentration and mean grain size were derived in HAZ of crown
layer (Tab. 16). In this area o-phase was also predominantly formed at triple
points and grain boundaries (Fig. 78). The largest changes in microstructure
were observed in central and root layers of HAZ (Fig. 79). Results demonstrate
that these areas contain significantly larger grains and reduced portion of
o-phase in comparison with based material and crown layer after long-term

isothermal ageing (Tab. 16). [52] White particles are niobium carbonitrides.

— 10pm  ICDAM
15.0kV SEI SEM WD 5.1lmm

Fig. 76 Microstructure of as-received Fig. 77 Formation of o phase after

state in crown layer [52] aging 2x10* h [52]

Tab. 16  Microstructure characteristics in base material and welding joints zones [52]

Objects Portion of area Grain size
one
(-] [%] [C] (um?2]
As-received state 0 0 9 267
Base material 54 2.265 9 234
o) Outer diameter layer 67 2.734 9.5 118
(]
= Middle layer 25 1.002 6.5 1830
Inner diameter layer 13 0.489 5 3924
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— 10pm ICDAM
OkV LABE SEM WD 9.2mm

Fig. 78 Distribution of o-phase in the Fig. 79 Distribution of o-phase in the
crown layer [52] root layer [52]

The cross-section of o-phase obtained by FIB technique used for TEM-foils
preparation enabled more detailed investigation of o-phase situated on the
boundaries. Fig. 80 shows the distribution of Cr (green color), Nb (dark blue) and
Cu (magenta) around the grain boundaries. It can be seen that colonies of
relatively fine o-phases (mean size ~300nm) were formed along the grain
boundaries which are covered by large Cr and Nb carbides. It was also observed
that Cu particles (denoted B) are located very often at the interphase of
boundaries between o-phase and matrix (Fig. 81). In the o-phase interior
(denoted A) Nb carbides (denoted C), Cu particles (donated B) sitting on
the o-phase edges were observed (Fig. 80, Fig. 81). [52]

[ [ ey

1pm

e
100nm

Fig. 80 Distribution of elements around Fig. 81 TEM image of o-phase cross-

austenitic grain boundary [52] section [52]
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Based on the published results detailed SEM and TEM analyses were
performed. Results of chemical composition mapping are summarized in Fig. 82
and Fig. 83. The aim of these analyses is to validate sigma phase in

microstructure at the base of phase’s chemical compositions.

2.5um ! 4 2.5um

Nb Kol

Ni Kal ~ CKol2

f 2.5um ! f 2.3um !

Fig. 82 SEM analyses around grain boundaries
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Fe Kal Cr Kal Nb Kal

I1pmI

Ni Kal C Kal_2 N Kal_2

IlpmI

Fig. 83 TEM analysis of particles

Ipm

According to the chemical composition results obtained by SEM and TEM

chemical composition corresponds with base data published in [10].

Phase identification shown in Fig. 85 was based on the morphology and
chemical composition of the particles. Chemical composition of marked sigma

phase is summarized in Tab. 17. Fig. 84 summarises the sigma phase lattice
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parameters and chemical composition variation. For absolute accuracy
identification it is necessary to perform atomic diffraction of the phase or to use
the EBSD method.

Composition of phase (wt%)

Alloy Lattice parameter (A) . Formula

Fe Cr Ni Mo Si
Fe-Cr ag = 8.799, ¢cp = 4.544 Fe-Cr
Fe-Mo ag = 9.188, ¢cp = 4.812 Fe-Mo
17Cr-11Ni1-2Mo-0.4Ti — 30 4.3 9 0.8
17Cr-11Ni-0.9Mo-0.5Ti — 33 4.5 5.4 0.7
Type 316 ap = 8.28~8.38, ¢y = 4.597~4.599 55 29 5 11 (FeNi),(CrMo),
Type 316L ag =9.21,c0 =4.78
20Cr-25-34Ni-6.5-8Mo ap = 8.87,¢p = 4.61 35/37 17/26 15/21 21/28 —
25Cr-20N1 — 40 46 9.4 — 3

Fig. 84 Lattice parameters and chemical composition of the sigma phase [10]

Chromium carbide

Niobium carbonitride

Sigma-phase

Cu based particles

2.5um

Fig. 85 Identification of particles and sigma-phase — State after 15 000 hours of ageing
[53]

Tab. 17 Chemical composition of sigma-phase — State after 15 000 hours of ageing [53]

Point analysis of chemical composition of sigma-phase (w.%)

Fe 53,1
Cr 40,8
Ni 32
Mo 2,2
Si 0,8
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The kikutchi lines obtained from transmission diffraction (Fig. 86a) were
compared with a theoretical model for sigma-phase. Conformity with the

theoretical model is shown in Fig. 86b. [53]

st N i Nl ol
«s*i"‘vr—..-.a'.ﬁm m e T e

2 Y7 :

Fig. 86 Kikhi Iie obtaied in the analysis of sigm phas n th steel Sper 304H a)
measured lines b) conformity with the theoretical model [53]
EBSD phase map is shown in Fig. 87. [dentification of phases:
e Red - Austenitic matrix
e Green — Chromium carbide

e Light blue — Sigma-phase

Phase map confirms that the sigma-phase precipitates on the grain

boundaries, respectively starts precipitation inside the grains.

; Phase; Step=0.2 um; Grid250x200

Fig. 87 EBSD phase map analysis [53]

69



5 Experimental part

5.1.2 The sigma phase precipitation morphology

After 15000 hours of isothermal ageing (675°C) significant changes in
microstructure occur. As it shown in Fig. 88 there are several types of
precipitates. On the grain boundaries the chromium carbides and niobium
carbonitrides precipitated. The niobium carbonitrides of the dimension up to
3 uym precipitated inside the grains. The last group of precipitates can be

identified like sigma-phase with maximal dimension of about 6,5 um [53].

Cr Kal

Fe Lal 2

10pm 10pum

Ni Lal_2

C Kal_2 , Nb Lal

f ! 10um

10pum

10um
Fig. 88 Maps of chemical composition SEM/EDS — State after 15 000 of ageing [53]

For identification of sigma-phase particles transmission electron
microscopy was used. Fig. 89 shows chemical composition maps made by EDS
detector on thin foil. There (Fig. 89) are three elliptic particles which can be
classified like the sigma-phase. The length of these particles is around 2,5 um
[53].
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Fe Kal Cr Kal Nb Kal

[

lpm
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lpym
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lpm
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[

Ipm

Tpm?

Fig. 89 Maps of chemical composition TEM/EDS - State after 15 000 of ageing [53]

A change between states after 15 000 and 20 000 hours of ageing consists
in an increase of the sigma phase size. Sigma-phase of the dimension about

10 um (Fig. 90) can lead to significant decreasing of the impact strength [53].
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Fig. 90 Maps of chemical composition SEM/EDS — State after 20 000 of ageing [53]

In general precipitation of the sigma phase starts on the grain boundaries

especially at the triple grain boundaries intersection.

In case of welding joints the situation is quite different. Difference in grain
size across welding joint layers is caused by absorbed heat energy during the
welding process. It means that the root layer was exposed longer to higher
temperatures than the last crown layer because it was repetitively heated by
additional welding passes. Coarsening of grains in root layer led to the
significant reduction of o-phase formation. This result indicates that sigma
phase is predominantly formed at triple points and grain boundaries due to the
higher Cr content and defect concentration. It was proposed that sigma phase is
formed from Mx3Cs by carbon elimination. It was also observed that sigma phase
formation occurred independently of MxGCs. In alloys without Mx3Cs carbides

precipitation will be slower [52].

5.1.3 The correlation between the electron and the optical

microscopy

It is possible to say that the amount of Sigma-phase in microstructure leads
to decreasing of the impact strength. A possible approach for quantification of

sigma-phase in quite lower magnification would be using of
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light-microscopy/color etching (LM). Comparison of the microstructure from LM
and the microstructure from SEM is shown in Fig. 91 and Fig. 92. White particles
in Fig. 91 are sigma-phases. These white particles have sufficient contrast in
comparison with matrix. Thus, the image analysis for quantification of the

amount of the sigma-phase will be possible to use. [53]

SEMHV: 120kV WD: 9.94 mm [ LYRA3 TESCAN|

SEMMAG:7.60kx |  DetBSE  10um

IPM AS CR, Brno

Fig. 91 Microstructure after color etching Fig. 92 Microstructure with marked
(sigma-phase white) [53] phases for comparison with Fig. 91
[53]

To meet this thesis goals quantification of the sigma phase is crucial.
Subchapter 5.1.1 confirms the sigma phase in SUPER 304H steel. The correlation
sample is used for direct comparison between an electron and optical

microscope.

The chemical composition of the sigma phase and SUPER 304H steel matrix
measured on the correlation sample is presented by Fig. 93, chemical
composition results by Tab. 18. In Tab. 18 chromium and iron content are
highlighted. Ratio of chromium and iron for Spectrum 1 confirms the sigma

phase.
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Electron Image 1

Fig. 93 EDS point analysis for correlation sample

Tab. 18 Chemical measurement results for Fig. 93

Spectrum Si P Ca Ni Cu Nb Mo W

Spectrum 1 | 0.97 | 0.46 | 0.35 3.33 1.98 | 0.35

Spectrum 2 | 0.37 880 | 454 | 0.15 | 0.35

The following image (Fig. 94) shows direct comparison between the
electron microscope image, measured chromium and iron maps and the optical
microscope image. The blue circles added to Fig. 94 connect one of the sigma

phases visualised by different methods.

74



5 Experimental part

% / 1 ’
3 / ; 3 )
i \ M > S P
A 3 5. L g
N )’ A : . ; - p > ¢
7 oA | D :
’ ) e \ < b3
) 3 ; : ; } ~ |
5 { '8 /. 4 ¢ - .
P o ) 4 ) v
o / 4
? “ \‘\‘J : . = - <
2 7 il =7 ) - 0
' %) 2 . o
) - - b - .
. . / </ .
\ o
D A \
2 : 10 ym
30pm : Electron Image 1

30pm

Crkal ¥ 30pm
Fig. 94 Comparative image for sigma phase verification for optical microscopy

Results documented by Fig. 94 give possibility to use optical microscopy for

the sigma phase quantification.
5.2 The optical microscopy

The optical microscopy is used for the sigma phase precipitation
description and its quantification. Subchapters deal with precipitation
morphology and then with quantitative description of the sigma phase

precipitation.
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5.2.1 Evolving of the sigma phase morphology during aging for

steel SUPER 304H

Not annealed (NA) state samples are summarised by figures from Fig. 95 to
Fig. 102 . Annealed (A) state samples are summarised by figures from Fig. 103 to
Fig. 110.

For each of sample figures are added LMP value. Higher LMP value means

higher degradation state.
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LMP 24513 NA (8)
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LMP 24305 A (7)
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5.2.2 Evolving of the precipitation kinetics

Use of the sigma phase quantified fraction area is the most precision
possibility for description of the sigma phase precipitation kinetics. This method
considered all types of the sigma phase precipitates during its precipitation and
further growth of processes. This descriptive model considered all of the three
sigma phase precipitation types (Type 1 - Triple grain boundary intersection,

Type 2 — Grain boundary and Type 3 — Inner-grain precipitates).

Plot summarising measured sigma phase fraction area is shown in Fig. 111.
Precipitation curves are plotted separately for state NA and A. For a common

description of time and temperature LMP parameter is use.

—m— NA
—m— A

4
34 §
e 1

Fraction area [%]

2200922093400 26002800 400, 4209, 4209, 4600
LMP []

Fig.111 Evolving of the sigma phase fraction area to LMP

Separately plotted sigma phase portion area for state NA is shown in Fig.
112. Exponential growth of dependence is marked into graphs by green lines.
Mathematical description of exponential growth for state NA which describes
precipitation of the sigma phase summarised Eq. (5). The precipitation rate
equation obtained like the time derivation of the sigma portion area presents
Eq. (6). The same system was used for A state samples. The sigma phase fraction
area growth summarise graph Fig. 113 and mathematical description Eq. (7).
Precipitation rate in state A describe equation Eq. (8). Used range of LMP covers

the whole planned lifetime of power plant.
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NA

5 Data: FractionaNA_NA —a—NA
T Model: ExpGrol

Chir2 = 4545.96241
R"2 = -3.98763

o

o o0 +0
Al 5.4157E-11 +1.3078E-11
tL 97288351  +9.63322

P

Fraction area [%]

L T T T T T T L —
23000 23200 23400 23600 23800 24000 24200 24400 24600
LMP

Fig.112 Evolving of the sigma phase fraction area to LMP for NA state

Fraction area = 5,42 * 10711 e(LMP/972J83)

Eq.(5)
L 14 (LMP /, )
Precipitation rate = 5,57 * 107" = e 972,88 Eq. (6)
A
Data: FractionaA_A —&—A
54 Model: ExpGrol
Chi"2 = 339.17454 ;
R"2 = 0.82319
44 yo 0 +0
— Al 1.781E-11 +4.368E-12
O\O tl 924.99586 +8.84848
— N
8 34 /i \
© /I %
[
iel <y
57 -
L i/
14 /
n
0 T T T T T T T T T
23000 23200 23400 23600 23800 24000 24200 24400 24600
LMP
Fig. 113 Evolving of the sigma phase fraction area to LMP for A state
. _ LMP
Fraction area = 1,78 x 10711 x e (""" /925) Eq. (7)
LMP
Precipitation rate = 1,93 x 104 x e(""""/o25) Eq. (8)
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5.3 The mechanical properties testing

5.3.1 Tensile testing

Short testing specimens with 5 mm diameter were used for tensile testing
at the room temperature. The loading speed was 0.5 mm/s. Experimental
material was isothermally aged at 675°C for 20000 hours. Results are
summarized in Tab. 19 where abbreviations BM, E-NA, E-A mean base material,
exposed — not annealed, exposed - annealed. Achieved values of yield strength
Reo2, tensile strength R, and elongation A meet the requirements listed in
standards. It can be mentioned that tensile strength of exposed states (E-NA

and E-A) has significantly increased compared with as-received state for both

steels. [54]
Tab. 19  Results of tensile testing of SUPER 304H and HR3C steels [54]
Steel SUPER 304H HR3C
State Rpo2[MPal Rm [MPal A [%] Rpo2[MPa] Rm [MPa] A [%]
Standard| min. 235 590-850 min. 35.0 min. 295 655-900 min. 30.0
BM 395 657 54.5 369 769 55.9
E-NA 355 740 450 504 813 18.9
E-A 357 727 45.8 439 839 14.3

5.3.2 V notch pendulum testing

Because of probable sigma-phase assisted embrittlement of exposed
steels, the impact strength measurements with reduced width (5 mm) of the
specimens with V notch were carried out. Experimental material was
isothermally aged at 675 °C for 20 000 hours. Results are summarized in Tab. 20
where abbreviations BM, E-NA, E-A mean as written above. As can be seen,
applied dissolving annealing and/or isothermal ageing (E-NA and E-A states)
have strong deteriorating influence on absorbed energy KV 300/5, especially for
HR3C steel. Difference between fracture surfaces of HR3C base material (Fig. 116)
and exposed material (Fig. 117) is significant. The base material fracture surface

can be assumed to be ductile. However, for exposed material, only several areas
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of the fracture surface were ductile. The rest of the surface showed brittle
fracture. [54] Similar situation can be observed for steel SUPER 304H. Base
material fracture surface (Fig. 114) is ductile with no marks of brittle fracture.
Fracture surface after exposition (Fig. 115) is mostly brittle. This change is

caused by the sigma phase precipitation in both case SUPER 304H and HR3C.

Tab.20  Results of impact testing of SUPER 304 and HR3C steels [54]

Steel SUPER 304H HR3C
The sigma phase area The sigma phase area
State | KV 300/5 [J] KV 300/5 [J]
fraction [%] fraction [%]
BM | 447+1.0 0.0 1645+ 3.2 0.0
E-NA| 11.4+£04 2.6 3.2 0.1 1.9
E-A | 11.5+£0.3 2.8 27x0.2 2.2

5 ’
X

10pm ICDAM EE—— 10pm  ICDAM

SEM WD 9 X 2, 20.0kV SEI SEM WD 7.9mm

Fig.114 Ductile fracture surface of as- Fig.115 Brittle fracture surface of
received SUPER 304H steel exposed SUPER 3004H steel in E-NA
state
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Fig. 116 Ductile fracture surface of as- Fig. 117 Brittle fracture surface of

received HR3C steel [54] exposed HR3C steel in E-NA state [54]

Phase analysis, higher magnification, TEM diffraction patterns, and EDX
analysis were used to identify secondary phases located on the fracture
surfaces, as illustrated in Fig. 118 and Fig. 119. The analyses of those particles are
implemented into the figures. The measured chemical composition is in
accordance with nominal sigma phase chemical composition. As-received
materials do not contain any sigma phase, but in case of the exposed samples,
the area fractions of sigma phase are 1.9 % (E-NA), 2.2 % (E-A) for HR3C steel and
2.6 % (E-NA), 2.8 % (E-A) for SUPER 304H steel, respectively. Except sigma phase,

chromium carbides were observed in all samples. [54]

Spectrum  |Cr  Fe  Ni Cu Nb Mo y.,
Spectrum 1 | 40.13 5322 2.71 0.16 020 120 /‘)\._v

10um : Electron Image 1 . 10um 1 Electron Image 1
Fig.118 Sigma phase with its chemical Fig. 119 Sigma phase with its chemical
composition (Spectrum 1) on fracture composition (Spectrum 1) on fracture
surface of SUPER 304H steel [54] surface of HR3C steel [54]

Steel SUPER 304H is alloyed with ~3 % Cu. Addition of copper may lead to

increase of creep properties of steel. Recently it was suggested that Cu particles
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can not only increase mechanical properties but may also pin the motion of

o-phase/austenite interfaces. [52]

The impact strength of homogenous welding joints decreases from
109.4+0.4 J/cm? measured in as-received base material to value about 28.2+0.6
J/cm? determined in aged state (20000 hours/675°C). It can be suggested that
higher contents of o-phase in the crown layer and significantly larger grain size
in root and central layers probably cause further reduction of impact strength.
Recently, it was reported that significant decrease in impact energy may be
expected already after short-time annealing (for about 102 h) at 650 and 700°C.
[52]

On the basis of microstructure results it can be suggested that a drop of
impact strength after long-term ageing is significantly influenced by o-phase
formation. This suggestion could be supported by analysis of fracture surfaces
obtained from impact strength tests. The aged state exhibited the mixture of
transgranular ductile fracture of matrix and intragranular fracture along o-phase

(Fig. 120). [52]

SUPER 304H matrix keeps ductile behaviour during exposition. Brittleness of

steel is caused by the sigma phase precipitation.

~ 10pm ICDAM
20.0kV LEI SEM WD 7.6mm

Fig. 120  Fracture surface of as-received state after long-term ageing [52]
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6 Experimental results discussion

This chapter summarizes briefly conclusions reached by the thesis. Practical

applicability of the thesis results is discussed in the last part.

6.1 The sigma phase verification and extension for optical

microscopy quantification

First and the most crucial step is to identify particles precipitated in steel
microstructure. Steels SUPER 304H and TP 347HFG are highly susceptible for the
sigma phase precipitation according literature sources [10][12][13]. Main
attention was given to the sigma phase identification in steel SUPER 304H and

later to its quantification.

The sigma phase identification was based on combination of four methods.
Measurement of chemical composition via SEM EDS detector, TEM microscope
include STEM mode for taking pictures and chemical composition measurement,
correlation of Kikutchi lines and EBSD method were used. Measured results are
summarised in the subchapter 5.1.1. All of the previous named methods confirm

precipitation of the sigma phases in microstructure of steel SUPER 304H.

Identification of the sigma phase was done by various types of electron
microscopes. Next part of phase investigation is quantification of the phase.
Usage of electron microscopes especially TEM is enormously time consuming.
Suitable method for quantification can be classical optical microscopy in
combination with colour etching. This method is suitable for large number of
samples which are necessary for the sigma phase quantification. Another
advantage of optical microscopy and colour etching is short sample processing

time.

Application of optical microscopy and colour etching require verification
between electron and optical microscope. The verification is summarised in the
subchapter 5.1.3. Fig. 94 compared image made by electron microscope to

image from optical microscopy with EDS method measured chemical maps.
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The verification confirms possibility of usage of the optical microscope and

colour etching (Fig. 94).
6.2 The sigma phase precipitation morphology

Process of the sigma phase precipitation is documented by
Fig. 95 - Fig. 102 for NA state and by Fig. 103 - Fig. 110 for A state. Each of used
characteristic images was randomly chosen from about two hundred of images

made for definite combination of exposed time and temperature.

No sigma phase precipitation was documented for original state (without
any exposition). This result means that the sigma phase precipitation is induced
by heat exposition of experimental material. Used combination of exposed

temperatures and times covered through LMP whole power plant lifetime.

The sigma phase precipitation begins at triple points. During continuous
thermal exposition precipitation continuous at triple point and also starts along

boundaries of austenitic grains.

Particles get coarser with longer heat exposure. Dominant direction of
coarsening is along austenitic matrix grain boundaries. Particles precipitated at
the triple points get into the shape of a triangle. Others precipitating on the grain
boundaries are elongating in direction of grain boundary. Coarsening

perpendicular to grain boundary is slower.

Last part of the precipitation process is precipitation of the sigma phase
inside the austenitic grains. Precipitation starts like spheroid particles which

continuously elongated into the final elliptic shape.

In general, it is possible to state that precipitation of the sigma phase is
a continuous process which decreases free enthalpy of system and it is possible

to quantify and model it.

The difference between precipitation morphology of state NA and A is
negligible. It seems that the state after annealing (A) consists of the rougher
particles in comparison with the state NA. This result suggested that solution

annealing performed after technology operations like welding or bending
88




6 Experimental results discussion

accelerate degradation of steel SUPER 304H. Quantitative particles
documentation was made by using the optical analysis. Those data are used for

description of the precipitation curves.
6.3 The precipitation kinetics curves

Description of the sigma phase precipitation was based on quantification of
the sigma phase in various states of degradation conditions. LMP parameter was
used for possibility of combination of the degradation description. Used raw
data were obtained from quantification of about 2150 images of SUPER 304H
steel microstructure. That gave very broad datasheet which is definitely

representative for those processes.

No sigma phase precipitation was documented for initial state (before
laboratory long heat exposition). Summarisation of measured data is shown in
Fig. 111. Results displayed by Fig. 111 confirm that there is no significant
difference in precipitate quantification between states without annealing (NA)
and annealed after some technological operation (A). The sigma phase

precipitation has nearly the same precipitation behaviour in both cases.

The sigma phase precipitation and its growth are driven by diffusion
processes [10]. Obtained results are in accordance with this fact. Description of
the precipitation process is like all nature processes exponentially. Equations
(Eq. (5), Eqg. (6)) which describe the sigma phase precipitation confirm that long
term precipitation of the sigma phase is not involved by the pre-exposition

solution annealing.

Equations Eq. (7) and Eq. (8) describe precipitation rate for both states of
solution annealing. Results that are clear from precipitation rate description
prove that precipitation processes still accelerate. This acceleration is caused by
relatively long incubation time of precipitation and quite fast coarsening of
particles precipitated at the triple points. The triple points sigma phase
coarsening is clearly visible from comparison of for example Fig. 108 and
Fig. 110.
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The sigma phase is highly brittle intermetallic particle [10]. If we consider
triple points precipitation and those particles accelerate coarsening it will
strongly influence mechanical properties. Precipitates will affect crack
propagation and probably formation of the creep cavity. Describe precipitates

and identify their position is necessary for decaying about those problems.
6.4 Influence of the precipitation to the mechanical properties

The sigma phase is classified like brittle intermetallic particle. Precipitation
of the sigma phase can be classified like precipitation hardening. It is consistent
with measured results from tensile testing. Exposed material shows an increase
in the ultimate strength. On the other hand, there is a drop in the yield strength
and elongation documented. Results from tensile testing support a degradation

theory of the steel SUPER 304H.

Pendulum testing of exposed samples from the steel SUPER 304H declined
from the original value of 109,4 J to 28,2 J after 20 000 hours of exposition at
©675°C. That is a drop by approximately 75%. The drop by 75% is significant and
there must be a reason for such a change. The sigma phase was documented by

electron microscope on the fracture surfaces of experimental samples.

Results about decreasing of mechanical properties support the need for
this thesis because there is no information about precipitation processes for the

steel SUPER 304H.
6.5 The modelling and achieved results comparison

The sigma phase precipitation modelling for the steel Tp 347HFG is based
on similarity with the steel SUPER 304H. The similarity means near base chemical
composition, similarity in high fine grain size and stable austenitic
microstructure. Those assumptions provide possibility to apply modification
through physical laws which describe chemical components diffusion for the
sigma phase precipitation modelling. Slight difference in chemical composition

will cause difference of the sigma phase precipitation rate.
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The sigma phase precipitation process is dependent on the time and
concentration of chromium, iron and nickel. Description of the chemical
elements transition in solid is provided by Fick laws. Mathematical equation of
the second Fick law (Eqg. (9) [55]) describes time and distance dependence of
difunding chemical element.

dc,  0%cy
o - Dagz, Eq. (9)
Ck means chemical element concentration, T — time, Dy diffusion coefficient

and z describes distance in case of 1D diffusion.

According to the literature [56] [57] [58] it deals with mathematical analysis
and fundamental book of applied mathematics [59] can be Eq. (9) categorised
like Parabolic shape second grade partial differential equation with constant

coefficient.

Solution of Eq. (9) gives function which describes time and position relation
of chemical composition. This function or functions for more difunding elements
can be in advance used for modification of the sigma phase precipitation rate
described in subchapter 5.2.2. Fundamental solution of Eq. (9) provides function
Eqg. (10) [59].

¢ =fm) Eq.(10)

Base diffusion equation Eq. (9) is the same type like heat transfer type
equations. Four possible methods for calculus fundamental solution equation

are summarising for heat transfer by [56] - [59].

All of the methods are strongly dependant on boundary conditions and
a fundamental system. Furrier transformation [59] of original equation (Eq. (9))
can be in this case unstable. The most suitable solving methods seem to be
through application of error function. The error function method is described in

[39] and [58].

If we consider 1D model with semi-infinite boundaries there s
a fundamental solution system of Eq. (9) for diffusion saturation summarized by

Eqg. (11) and for diffuse depletion by Eqg. (12). The semi-infinite boundaries mean
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that the sigma phase grew from infinite base material region. This region
provides enough of the source elements like chromium for the sigma phase
growth. This type of descriptive modification can be used for precipitation

processes description in the small surrounding area.

C_CO

X
€1 =6 —erf [Z(D‘[)l/z] Eq.(11)

c—q =erf[ x : ]
Co— 2(D1) /2 Eq.(12)

Equation Eqg. (11) describes chromium transport process and Eqg. (12)
describes opposite processes (depletion) for iron and nickel. Transformation of
those equations can be used for the element concentration description. Time
derivation will provide chemical element diffusion velocity. Chromium, iron and
nickel diffusion velocity drive the sigma phase precipitation. The difference
between results for the SUPER 304H and Tp 347HFG can be used for modification
of the SUPER 304H sigma phase precipitation rate function.

For solution of equation Eqg. (11) and Eqg. (12) it is necessary to define
diffusivity for each of the three elements (chromium, iron, nickel). Diffusivity

calculation function is summarized by Eq. (13) [39].

D = Dyexp (— g—;) Eq.(13)

Activation energies Qq and diffusion coefficients Do published by [60] for

austenitic steel matrix is summarized in Tab. 21.

Tab.21  Diffusivity calculation coefficients [60]

In Fe, | Do[cm?s"] | Qq [kJmol™]

Cr 10,8 291,8
Ni 0,77 280,5
Fe 4,085 311,1

Eq. (11) and Eq. (12) respect diffusion direction of chemical elements.

General solution of both equations is the same Eq. (14).
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X
¢ = (cy—cperf [—] +c

2(D1) 2 Eq.(14)

The error function erf [ ] can be approximate by four grade exponential

function Eqg. (15). Approximation erroris 5 104 [39]

erf(z) =1-— (1 +0,196854 -v2 -z 4+ 0,115194 - 2 - z2
Eqg.(15)

—4
+0,000344 2 -/2 234 0,019527 - 4 - 24)
Coefficients represent time (especially LMP) dependant chemical elements
movement which influencing the sigma phase precipitation was calculated by
numerical solution of Eq. (14) and Eq. (15). Calculated coefficient for steel SUPER
304H are summarised in Tab. 22 and for steel Tp 347HFG in Tab. 23.

Tab. 22  Calculated coefficient for steel SUPER 304H
SUPER 304H
Temperature/time| LMP Coefficient
[K/Hours] - Cr Ni Fe
923,15/70000  |22894|-8,33E-10|4,18E-09|3,38E-10
948,15/10000 |23514|-1,38E-09|6,77E-09|5,77E-10
973,15/10000 | 24134|-2,21E-09|1,07E-08|9,57E-10
Tab. 23 Calculated coefficient for steel Tp 347HFG
Tp 347HFG
Temperature/time| LMP Coefficient
[K/Hours] - Cr Ni Fe
923,15/70000  |22802|-8,39E-10|3,23E-09|3,17E-10
948,15/10000 | 23419|-1,38E-09|5,23E-09|5,40E-10
973,15/10000 | 24037 |-2,23E-09|8,27E-09|8,97E-10

Calculated coefficients represent influence of chemical composition and
C constant (for LMP parameter calculation). Precipitation rate curve (Fig. 112) can

be modified by those coefficients for Tp 347HFG application.

93



6 Experimental results discussion

Transformation methodology is based on removal influence of the
SUPER 304H chemical composition to precipitation rate and then adding
influence of Tp 347HFG chemical composition. Representation of the two step

modification is summarised by coefficient ratio listed in Tab. 24.

Tab. 24 Calculated specific coefficients ration

SUPER304H/Tp 347HFG coefficient

Temperature/time Element
[K/Hours] Cr Ni Fe Average
923,15/10000 1,00675 | 0,77374 | 0,93710 | 0,90586
948,15/10000 1,00611 | 0,77326 | 0,93652 | 0,90530
973,15/10000 1,00669 | 0,77370 | 0,93708 | 0,90582

6.5.1 Tp 347HFG precipitation rate transformation verification

Verification was based on comparison between the recalculated fraction
area for Tp 347HFG and the measured fraction area on the Tp 347HFG samples
after isothermal aging of 700°C for 10 000 hours.

The measured fraction area is summarised in Tab. 25. The value for

comparison is on average 0,0282 (equal with 2,82%).
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Tab. 25 Measured sigma phase fraction area for Tp 347HFG

Tp 347HFG

Time/Temperature
973,15/10000
[K/Hours]

Sample |Fraction area

1 0,023
2 0,027
3 0,027
4 0,032
5 0,032

Average 0,0282

Deviation 0,00343

The SUPER 304H fraction area is 3,24% calculated according Fig. 121 and
Eqg. (16) for combination of exposition 700°C for 10 000 hours.

Data: FractionaNA_NA — NA
Model: ExpGrol

Chi"2 = 4545.96241
R"2 = -3.98763

[

Vo 0 0
Al 54157E-11  +13078E-11
tL 97288351 1963322

/A
24 /ﬁ / .\E/'/

1/

Fraction area [%]

LI T T T T T T — T
23000 23200 23400 23600 23800 24000 24200 24400 24600
LMP

Fig.121 Evolving of the sigma phase fraction area to LMP for SUPER 304H NA state

Fraction area = 5,42 * 10711 e(LMP/972'88) Eq.(16)

The corelated fraction area for steel Tp 347HFG by average value of

coefficients is listed in Tab. 24 summarises in Tab. 26.
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Tab. 26  Calculated and measured results comparison

SUPER 304H | Tp 347HFG | Tp 347HFG

Calculated | Calculated | Measured

3,24 2,94 2,82

Verification was done by comparison of Tp 347HFG measured and
calculated values. Difference between calculated and measured values is 4,08 %.

That confirms applicability of coefficient modification methodology.
6.6 The practical application of the thesis results

If we consider that the descriptive model is based on combination of
physical laws and experimentally obtained results for specific group of

materials, there can be three possibilities for practical results application.
6.6.1 The degradation prediction

The power plant operation conditions are not stable. There are many
unstable states like heat fluxes during operation. Another non-stable state
occurs during the power plant starts up and cooling down. Those operation
conditions instabilities cause hardly predictable influence on degradation of the

superheaters.

The precipitation model can be used inverse. It means that input will be
distribution and size of particles and output temperature of exposition. Inverse
model type in combination with the creep data of the steel can give information

about remaining lifetime.
6.6.2 The state of degradation

Under the operation condition (heat and pressure long-term exposition)
austenitic creep resistant steels change mechanical properties. The steels
microstructure changes cause degradation. Many factors like grain coarsening,
precipitation of particles and cavity formation act a role in the degradation

process.
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Previously we said that under the operation conditions degradation

progress occurs. The question is, how fast the degradation process will be.

The model based on physically confirmed equation and information
obtained from examination of real exposed material can give the answer to the

question ,How fast?”.

Respectively the model can give information about precipitation process.

State of precipitation can be compared with the mechanical properties changes.

6.6.3 Information for future production of the next steels

generation

In general designing of the new special alloys is based on historical
knowledge and theoretical based information. It leads to designing of special
alloys with superior properties, which are tested just in short time examinations.
Commercial distribution of the new material starts just after confirmation of

materials requirement by short time tests.

The main problem is that short time testing can’t predict changes of the
material properties caused by medium-term or long-term exposition.
Microstructural changes, precipitation or decrease of hardening effects can
occur. Those changes may cause just small changes in case of mechanical or

technology properties. In worse case changes will be more relevant.

One of the possible applications of modelling of the precipitation processes
can be during testing period of a new material. Structural stability or changes in
the microstructure can be predicted by modelling. Precipitation has definitely
influence on creep resistance and mechanical properties. Precipitation model

will be useful for prediction of changes caused by heat expose.

Results obtained by this thesis are that copper alloying leads to probably
slower sigma phase precipitation rate by pinning interface between the
austenitic matrix and the sigma phase. This result provides with combination of
theoretical information in subchapter 2.1.4 possible way through chemical

composition modification.
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7 Summary

7.1 Meet the thesis goal

e Describe sigma phase precipitation processes for steel SUPER 304H

and perform their general mathematical description

The precipitation processes were described through the sigma phase
fraction area. Mathematical description of the sigma phase precipitation was

made by exponential growth function.

e Model precipitation kinetics processes based on chemical

composition and physical laws like modification of the steel Tp
347HFG

The sigma phase modelling was based on measured values for SUPER 304H
and modification coefficients. Modification coefficients were calculated
according Fick laws and Larson-Miller construction. Through application of
modification coefficients (which describe chemical composition and LMP

differences) sigma phase fraction area for steel Tp 347HFG was calculated.

e Correlate model with measured particles after the long-term heat

exposition for steel Tp 347HFG

Correlation was performed for available degraded samples of Tp 3247HFG
after exposition 700°C for 10000 hours. Difference between calculated values
(based on coefficient modification) and real measured sigma phase fraction area
was 4,08 %. This difference confirms applicability of coefficient modification

methodology.

e Find and describe the kinetic function of the sigma phase

precipitation for the steel SUPER 304H

The sigma phase kinetic function was described like time derivation of the

fraction area exponential growth function.
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7.2 The main conclusion description

This thesis confirms high structural instability of the steel SUPER 304H and
a similarity with the steel TP 347HFG. The sigma phase kinetics description was

performed by exponential growth type equations.

Description of the fraction area was based on the sigma phase
measurements in various degraded states of the steel SUPER 304H summarised
by LMP parameter. This approach is based on examination of various
degradation time and temperature combinations. Accelerated precipitation

processes are obtained by this set of expositions.

Time derivation of the sigma phase fraction area function gave the sigma
phase kinetics description. This function can be used for degradation state

description during operation.

At the bases of this function modification for steel Tp 347HFG based on
differences in chemical composition and LMP constant was performed. This
result confirms possibility for extending of those results for creep resistant

complex alloyed steels group 18/9.
7.3 The practical application recommendation

Practical application of materials investigated by the thesis is for
supercritical and ultra-supercritical coal power plants. Austenitic creep resistant
steels group 18/9 sigmatisation under operation conditions (application for

reheaters, superheaters and heat exchanging surfaces) is nowadays problem.

Precipitation of the sigma phases leads to a serious embrittlement
(example: Tab. 20). The microstructural changes and embrittlement phenomena

mean for power plants operators:

e The need to find out description of the critical crack dimensions for

unstable propagation

e The need to prepare welding procedure specifications for repair

welds in combination new x old (exposed and embrittle) material
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7.4 Proposal of further experimental work on the problem

The precipitation mechanism was identified and described. Quantification
of the sigma phase was based on changes of the sigma phase fraction area.
Used methodology considered sigma phase precipitation in microstructure at
all. There are two types of the sigma phase precipitate: massive particles at triple
points and grain boundaries, and needle-shaped particles inside grains. Done
quantification contains both data fraction area measurement and specific
description of each measured particle. In fact, there is a datasheet containing

measured information for more than 210 000 particles.

According to the results described by chapter 5.3 and 6.4 the sigma phase
strongly affects mechanical properties and crack propagation. The sigma phase
datasheet provides strong base for making correlation between the precipitated

particles and influence on the mechanical properties.

Moreover, the datasheet provides base data for possible investigation for
the sigma phase base austenitic material interface. The interface is crucial for

creep cavity formation and propagation.

TEM observation confirms location of Cu rich areas at the interface between
sigma phase and austenitic matrix. These Cu areas block or slow down the
sigma phase precipitation. Investigation of the various copper content
influences may provide benefit information for chemical composition

optimization for future alloys.

Embrittlement is a negative repercussion of the sigma phase precipitation.
Future experimental work can deal with removal of this bad influence. The sigma
phase dissolves over temperature of 800°C. High temperature annealing can
cause removal of precipitated sigma phase. First results from this investigation
will be presented by the author at 27" International Conference on Metallurgy

and Materials at the end of May.
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9 Lists

O Lists

9.1 Listofthe abbreviations and variables

Annealed Heat treatment
Elongation Mechanical property
R Angstrom Measurement unit
Type of the working
A-USC Advanced ultra supercritical
parameters
B Boron Chemical element
BCC Body cubic centre Lattice type
BF Bright field Microscopy display
BM Base material
C Carbon Chemical element
Co Precipitate concentration
Co Initial concentration
Co Cobalt Chemical element
Cu Copper Chemical element
CCGT Combined cycle gas turbine
CHsCOOH Acetic acid Acid
Cr Chromium Chemical element
Cr3Cs Chromium carbide Chemical compound
D Diffusivity
Do Diffusion coeficient
Mannesmann seamless
DMV
tubes marking
E Young module of elasticity Mechanical property
E-A Exposed annealed material
Exposed nonannealed
E-NA
material
£BSD Electron backscattered Experimental method
diffraction
EDS Energy disperse spectrometry Experimental method
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EPRI
Institute
Etc. et cetera Shortcut
FCC Face cubic centre Lattice type
FCT Face centre tetragonat Lattice type
FIB Focused ion beam Experimental method
GB Grain boundary
Gg Matrix enthalpy
Gp Precipitate enthalpy
Gs Solid solution enthalpy
GWh Giga watt hours Measurement unit
HAZ Heat affected zone
HCI Hydrochloric acid Acid
h Hour Measurement unit
hr Hour Measurement unit
HT Heat treatment
A International energy
agency
LM Light microscopy Diagnostic method
LMP Larson-Miller parameter Parameter
mils/yr Mils per year Measurement unit
mm/yr Millimeters per year Measurement unit
Mn Manganese Chemical element
Mo Molybdenum Chemical element
MPa Megapascal Measurement unit
MW Mega watt Measurement unit
N Nitrogen Chemical element
NA Not annealed Heat treatment
Nb Niobium Chemical element
NbC Niobium carbide Chemical compound
NHO; Nitric acid Acid
Ni Nickel Chemical element
Qd Activation energy Measurement unit
R Gas constant
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RH Reheater Heat exchanging surface
Re Yield strength Mechanical property
Rm Ultimate strength Mechanical property
Rpo2 Yield strength 0,2% Mechanical property
Rp1 Yield strength 1% Mechanical property
Rt Room temperature About 20°C
Scanning electron
SEM Experimental method
microscopy
SH Superheater Heat exchanging surface
Scanning transmission
STEM Experimental method
mMicroscopy
T Absolute temperature Measurement unit
Ta Tantalum Chemical element
Transmission electron
TEM Experimental method
microscopy
Ti Titanium Chemical element
TWh Tera watt hour Measurement unit
Type of the working
usc Ultra supercritical
parameters
U.T.S. Ultimate strength Mechanical property
V Vanadium Chemical element
W Tungsten Chemical element
Wt.% Weight % Measurement unit
X Diffusion distance 1D distance
Y.S. Yield strength Mechanical property
Zr Zirconium Chemical element
°C Degree of celsius Measurement unit
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