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ABSTRACT 

Precipitation of second phase particles is a key factor dominating the mechanical properties 

of high temperature alloys. In order to control and optimize the precipitation effect it is of 

great importance to study the role of alloying elements in the formation and stability of 

precipitates. As a favored family of corrosion and creep resistant austenitic stainless steels the 

20Cr-25Ni alloy was modified by addition of copper, molybdenum, nitrogen, niobium and 

vanadium. A set of alloys with similar matrix but varying contents of niobium, vanadium and 

nitrogen were prepared. Sample preparation process included melting, hot forging, solution 

annealing and finally aging for 500 h at 700, 800 and 850 ºC. 

Light optical and scanning electron microscopy revealed micron-scale precipitates on grain 

and twin boundaries as well as sub-micron intragranular precipitates in all samples. 

Characterization of precipitates was carried out by means of energy dispersive X-ray 

spectroscopy (EDS). Among micron-scale precipitates M23C6 carbide was the dominant 

phase at 700 ºC aging temperature; whereas silicon-rich eta phase (M5SiC) was the main 

precipitate in samples aged at 800 and 850 ºC. A few sigma phase particles were found in one 

of the niobium containing samples aged at 700 and 800 ºC. Sub-micron intragranular 

precipitates were analyzed using low voltage EDS. The spatial resolution of EDS 

microanalysis at 5 kV accelerating voltage was estimated as almost 100 nm which was at 

least eight times better than that using the ordinary 20 kV voltage. Also, low voltage EDS 

revealed the presence of light elements (carbon, nitrogen and boron) in the composition of 

sub-micron particles thanks to the less matrix effect in absorption of low energy X-rays of 

light elements. In samples aged at 700 ºC niobium-rich and vanadium-rich carbonitrides were 

found as the dominant precipitates; whereas they contained much less carbon in samples aged 

at 800 ºC and mostly became carbon-free nitrides with well-defined cuboidal shapes at 850 

ºC aging temperature. This showed that niobium/vanadium-rich nitride phases are stable 

precipitates at aging temperatures above 700 ºC. 

The drawbacks of low voltage EDS were indicated as high detection limit (no detection of 

low- content elements), poor accuracy of quantitative analysis and high sensitivity to surface 

contamination. Some possible ways to improve the accuracy of low voltage EDS, e.g. longer 

acquisition time were examined and some other suggestions are proposed for future works. 

Keywords: austenitic stainles steel, precipitation, EDS, low voltage EDS, micron-scale 

precipitates, sub-micron intragranular precipitates 
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Chapter 1 

1 INTRODUCTION 

1.1 Demand for advanced materials in energy production, an environmental concern 

Climate researchers consider global warming as the major threat to the world’s environment. 

The increased concentration of greenhouse gases in the earth’s atmosphere is the main factor 

accelerating this phenomenon. For instance, the concentration of carbon dioxide (CO2), as the 

major greenhouse gas in the atmosphere, has increased by nearly 35% since mid-1800 with 

the highest growth during the last decades 
[1]

. Among different sources of carbon dioxide, 

electricity and heat generation sector has the largest proportion with over 40% of the global 

CO2 emission 
[2]

. Coal fired power plants with the largest share in this sector are responsible 

for 28% of global CO2 emission 
[3]

. The worldwide dominance of coal as the major fuel in 

electricity generation is expected to continue in long term future thanks to its relatively low 

price, availability and stable market around the world 
[2, 4]

. 

The worldwide environmental concerns since 1990’s besides the economic reasons have 

provided an extra incentive to increase the efficiency of coal fired power plants. According to 

studies each percentage point of efficiency increase in a coal fired power plant can result in 

2.5% reduction in CO2 emission 
[3, 5]

. Therefore, an international effort including several 

R&D projects have been conducted to improve the efficiency of coal-fired power plants. 

Coal is burnt to boil water; then the generated steam is heated up and pressurized before 

passing to turn the steam turbine. The efficiency of a coal fired power plant depends strongly 

on the steam temperature and pressure 
[1, 4-6]

. The conventional power plants operated with 

the steam temperature and pressure up to 455 ºC and 190 bar, respectively (subcritical 

condition) which resulted in efficiencies under 40% 
[5]

. This operating condition has already 

been raised up to 45% by using the steam in supercritical condition at 540 ºC and 250 bar 
[5]

. 

Improvements are in progress to reach an efficiency of 46-49% under the ultra-supercritical 

steam condition at 600 ºC and 300 bar 
[5]

. Eventually, the next generation of coal-fired power 

plants are planned to operate with steam at 700 ºC and 350 bar or higher to get the net 

efficiencies above 50% and emit almost 35% less carbon dioxide than conventional coal-fired 

power plants 
[5]

. 
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In order to build up such high-efficiency power plant, parallel to optimizing the 

thermodynamic cycles, it is required to develop new materials for the critical sections dealing 

with high temperature, high pressure and corrosive atmosphere. In this context, the boiler is a 

key section where the hot pressurized steam is generated. As it is defined in AD700, the 

European project for the next generation of coal-fired power plants, service condition for the 

most critical stage of steam-cycle in super-heater/re-heater section of boiler (SH/RH tubes) 

includes working temperature (metal) of 700 ºC and the steam pressure of 350 bar (35 MPa) 

[5]
 in addition to the fireside corrosion in sulfuric atmosphere as well as the steam side 

oxidation and spallation 
[7]

. A suitable material to withstand this condition is supposed to 

have minimum creep rupture strength of 100 MPa in 100,000 h at 700 ºC and less than 2 mm 

thickness loss in 200,000 h exposure time 
[5]

. Nickel base alloys like Inconel 617 and 740 

fulfill these requirements but they are comparatively expensive. As a more economic 

candidate, the high temperature grades of austenitic stainless steel are under development. 

1.2 Development of austenitic stainless steel for high temperature applications 

Stainless steel is a major alloy in energy generation industry where a combination of 

corrosion resistance and creep strength is required in a wide range of elevated temperatures. 

Most boiler components are made of the high temperature ferritic and austenitic stainless 

steels. In thick sections, like headers, which are subjected to the thermal fatigue the ferritic 

grades are preferable due to their lower thermal expansion coefficient 
[6, 7]

. But where high 

creep strength and corrosion resistance at temperatures (metal) above 600 ºC is required (e.g. 

in the finishing stages of SH/RH tubing) austenitic grades are dominant 
[6, 7]

. 

In the recent evolution of the steam condition, various grades of austenitic stainless steels 

have been developed. Table 1.1 gives the chemical composition of recently developed grades 

as boiler materials in the temperature range 650–700 ºC 
[6, 7]

. 

Table 1.1. Chemical composition (wt%) of the recently developed austenitic stainless steels as boiler 

materials in the temperature range 650–700 ºC 

Material C Cr Ni Mn Si Mo Nb Cu N Others 

Super 304H 0.1 18.0 9.0 0.8 0.2 ... 0.4 3.0 0.1 ... 

NF709 0.15 20.0 25.0 1.0 0.5 1.5 0.20 ... ... Ti 0.10 

Save 25 0.1 23.0 18.5 1.0 0.1 ... 0.45 3.0 0.2 W 1.5 

HR3C 0.06 25.0 20.0 1.2 0.4 ... 0.45 … 0.2 … 

Alloy 800H 0.08 21.0 32.0 1.2 0.5 … … … … Ti 0.5, Al 0.4 

Sanicro25 0.08 22.0 25.0 1.0 0.1 ... 0.50 3.0 0.2 W 3.0, Co 1.5 
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Chromium content is the main factor determining the corrosion resistance and usually for 

extremely harsh corrosive conditions beyond 650 ºC (e.g. SH/RH tubes) a chromium content 

in excess of 20% is required 
[6]

. Nickel, as the main austenite stabilizer element, has also a 

beneficial effect on high temperature corrosion resistance 
[6, 9]

. Precipitation of the second 

phase particles dominates creep properties. The effect of alloying elements has been 

extensively studied as the major factor in formation and stability of precipitates 
[8]

. Some 

elements such as niobium and titanium have been well understood to stabilize the steel 

(corrosion point of view) and to form effective precipitates (creep point of view) 
[6]

. Nitrogen 

is frequently used thanks to its beneficial effects like solution hardening, nitride and 

carbonitride precipitation and corrosion resistance improvement 
[6]

. Copper has been recently 

recognized as a former of ultra-fine precipitates during long-term aging which is highly 

beneficial to the creep resistance 
[6, 8]

. Some elements form intermetallic precipitates (e.g. 

titanium and aluminum) and some others have solid solution strengthening effect (e.g. 

tungsten and cobalt) 
[6, 8]

. In spite of the above understood properties extensive researches are 

still ongoing to optimize these effects as well as developing new alloying systems. 

The present work is a precipitation study on a 20Cr-25Ni austenitic stainless steel which has 

been a favored family of the creep and corrosion resistant alloys. It was carried out as a part 

of an ongoing research in the high temperature group of Outokumpu Avesta Research Center. 

The main goal was to study the role of vanadium, niobium, nitrogen and copper on the 

precipitation in low-carbon nitrogen-containing 20Cr-25Ni alloy at elevated temperatures. 

For this purpose a base melt with 20Cr-25Ni matrix and from that a number of sample melts 

(mini-melts) with varying amounts of vanadium, niobium and nitrogen but almost similar in 

the contents of copper, molybdenum, manganese and silicon were prepared. Samples were 

hot-forged, solution annealed and then aged for 500 h at three temperatures 700, 800 and 850 

ºC. The microstructures of aged samples were observed using light optical and scanning 

electron microscopy (SEM). Energy dispersive X-ray spectroscopy (EDS) was used for 

compositional analysis to characterize the precipitates. For sub-micron precipitates which 

were not possible to be identified by ordinary EDS analysis the use of low voltage EDS in the 

available field emission gun SEM was proposed and examined. By that, the spatial resolution 

of analysis improved from around 1 μm to almost 100 nm. The advantages and limitations of 

low voltage EDS were also studied and to some extent practically examined. 
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Chapter 2 

2 BASICS AND BACKGROUND 

2.1 Stainless steel 

Stainless steel is a generic term for alloy steels containing at least 11 wt% of chromium 
[9]

. At 

this level chromium can form a coherent, adherent and regenerating layer of chromium oxide 

(Cr2O3) on the steel surface when exposed to oxygen. The Cr2O3 film is impervious to air and 

water, protecting the steel from corrosion 
[10, 11]

. Improved corrosion resistance and also a 

wide range of microstructures and properties may be obtained by further alloying addition 

[15]
. Stainless steels can be divided into five groups where each group involves various grades 

with defined standard composition ranges. The first four groups are ferritic, austenitic, duplex 

(ferritic-austenitic) and martensitic stainless steels characterizing with their crystallographic 

microstructure. The fifth group, precipitation hardening (PH), are characterized with their 

capability to be heat treated 
[12]

. Table 2.1 gives a summary of the nominal composition range 

of five groups with their characteristics 
[9]

. 

Table 2.1. Composition range and characteristic of five different stainless steel groups 

Steel 

category 

Nominal composition range (wt%) 
Characteristics 

C Cr Ni Mo Other 

Martensitic 0.03-2.2 10.5-18 0-7 0-4 Mn, Si, V, N, Cu high strength and hardness 

Ferritic <0.25 10.5-30 0-4.5 0-4.5 Mn, Si, N, Ti/ 

Nb, Al 

lowest-cost corrosion 

resistance alloy 

Duplex <0.05 18-30 1-8 1-5 Mn, Si, N, Cu, W economic high corrosion 

resistance, good strength 

Austenitic <0.08 16-30 8-35 0-7 N, Nb, Ti, Cu high corrosion resistance, 

formable, weldable 

Precipitation 

Hardening 
<0.2 10-17 4.3-26 0-5 Mn, Si, Al, Ti, 

Nb, V, Cu, W 
high strength and 

toughness 

The most common crystallographic forms of stainless steels are body-centred cubic (BCC, 

ferrite) and face-centered cubic (FCC, austenite) which determines the steel properties 

(essentially mechanical properties). The effect of alloying elements is usually quantified as 

whether they promote formation of BCC structure (ferrite stabilizing) or FCC (austenite 

stabilizing). Cr and Ni, as the most important alloying elements in stainless steel, are 

powerful ferrite and austenite stabilizers respectively. So they are considered as reference to 

categorize the effect of other alloying elements; those promoting ferrite are classified under 

http://www.msm.cam.ac.uk/phase-trans/2003/Lattices/Cubic.F.mov
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Cr as ferrite stabilizers and the austenite stabilizer elements are classified under Ni. Different 

formulas such as equations 2.1 and 2.2 has been suggested to quantify the potency of alloying 

elements compared to those of Cr and Ni to form ferrite and austenite, respectively 
[11, 13, 14]

: 

Cr equivalent = (Cr)+2(Si)+1.5(Mo)+5(V)+5.5(Al)+1.75(Nb)+1.5(Ti)+0.75(W)   (Eq.2.1) 

Ni equivalent = (Ni)+(Co)+0.5(Mn)+0.3(Cu)+25(N)+30(C)    (Eq.2.2) 

The element symbols in the equation denote their content in wt%. However, the use of the 

above equations is not straightforward as they are suggested for austenitic alloys 
[13]

. With the 

aid of the Schaeffler-Delong diagram (Figure 2.1) it is possible to predict the present phases 

in as-solidified condition of stainless steels. Chromium equivalent (Creq) and nickel 

equivalent (Nieq), which are formulated more generally than in equations 2.1 and 2.2, 

represent the combined effect of the important ferrite and austenite stabilizer elements, 

respectively. The main use of this diagram is to predict the weld metal when designing the 

welding process for stainless steels; however, it may also be used for cast products 
[9]

. 

 

 

Figure 2.1. Schaeffler-Delong diagram to predict the stainless steel weld metal [9]. 

2.2 Austenitic stainless steels 

Austenitic stainless steels contain 16 to 28 wt% chromium and sufficient amount of austenite 

stabilizer elements like nickel, manganese and carbon to have austenitic microstructure at 

room temperature. Nickel is the basic substitutional element used to stabilize austenite, so the 

Creq = Cr +Mo + 1.5 × Si + 0.5 × Nb 

N
i e
q
=
N
i+
3
0
×
C
+
0
.5
×
M
n
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austenitic stainless steels are usually considered as Fe-Cr-Ni ternary alloys. Figure 2.2 shows 

an isothermal section of the ternary Fe-Cr-Ni equilibrium diagram at 750 ºC 
[8]

. The positions 

of two well-known austenitic grades, 18Cr-12Ni and 20Cr-25Ni are marked in the diagram. 

Other alloying elements either interstitial like C and N, or substitutional such as Mn, Mo, Si, 

Ti, Nb, W, V, Cu, Al, etc. may also be added to give the desired properties. The effect of 

important alloying elements is discussed later. 

 

Figure 2.2. Calculated isothermal section of Fe-Cr-Ni diagram at 750 ºC: typical 18-12 and 20-25 

stainless alloys lie in the austenite region [8] 

Austenitic stainless steels are the most common used stainless alloys due to their superior 

corrosion resistance, excellent formability and weldability. The FCC austenite provides 

characteristic properties like high ductility and toughness, no impact transition at cryogenic 

temperatures and low stacking fault energy. The latter leads to high work-hardening rates; so 

that the strengthening method for austenitic stainless steels is work-hardening rather than heat 

treatment. This can result in a broad range of strength from about 200 MPa in annealed state 

to even 2000 MPa in work-hardened state. Furthermore, austenitic stainless steels owing to 

the FCC structure are in many cases more proper to be used at elevated temperatures 

(especially above 550 ºC) since they do not lose their strength as quickly as other iron-based 

structures. Therefore, high temperature austenitic grades are ideal candidates where advanced 

creep properties are required at temperatures above 550 ºC 
[9]

. 
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2.3 Effect of alloying elements in austenitic stainless steels 

Chromium 

Chromium is the most important alloying element in stainless steels because the stainless 

character essentially occurs when chromium is over a minimum level (~11 wt%). The higher 

the chromium content is, the denser and stronger is the oxide passive film. However, too 

much chromium (e.g. over 25%) may promote formation of intermetallic sigma phase and 

cause embrittlement 
[8]

. Chromium is a strong ferrite stabilizer, so a combination of austenite 

stabilizer elements (Ni, Mn, N, C, etc.) is always required to maintain the austenitic 

microstructure. This competitive effect is expressed by some relations, like equation 2.3, 

which shows the condition to have an austenitic microstructure when the effect of Cr, Ni, N 

and C are taken into account 
[15]

: 

30(%C) + 26(%N) + (%Ni) + 11.1 ≥ 1.3 (%Cr)  (Eq.2.3) 

In creep resistant alloys chromium takes part in the precipitation of different second phases as 

both main constituent element (e.g. in M23C6 and sigma phase) and substituent one (e.g. in G 

phase). It has high affinity for carbon to form chromium rich M23C6 carbide which is 

undesirable in high amounts on grain boundaries; because the local concentration of Cr 

around carbides decreases below the necessary level for corrosion resistance (sensitization). 

Nickel 

Nickel is an austenite stabilizer and increases the toughness, ductility, weldability and general 

corrosion resistance of stainless steel, especially against pitting corrosion 
[15]

. High nickel 

content in the matrix can make the thermal expansion coefficient of the alloy closer to that of 

the oxide layer reducing the risk of oxide rupture and giving an increase in corrosion 

resistance at high temperatures 
[15]

. Nickel usually dissolves in carbides as partially 

substituted for chromium; whereas it is a major constituent in some other types of 

precipitates, like G phase. 

Carbon 

Carbon atoms occupy the interstitial sites within the FCC structure of austenitic stainless steel 

providing a solid solution strengthening effect. On a percentage basis carbon is the strongest 

austenite stabilizer element (factor of 30 in eq. 2.2) but its use is limited due to low solubility 

in austenite and also sensitization. As mentioned earlier M23C6 chromium rich carbides form 
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on grain boundaries leading to chromium depletion and consequently sensitivity to the 

intergranular corrosion and/or stress corrosion cracking 
[9, 12]

. 

Nitrogen 

Nitrogen is an other interstitial solute and a strong austenite stabilizer. The solid solution 

strengthening effect of N is more pronounced than C and it also enhances the strain hardening 

effect 
[9, 15]

. Nitrogen has a limited solubility that can be increased by addition of manganese 

to obtain superior pitting corrosion resistance 
[8]

. Its addition is also beneficial for creep 

strength by promoting the precipitation of nitrides and carbonitrides.  

Manganese 

Manganese is an austenite former and sometimes used as a replacement for nickel; however, 

the alloy exhibits less corrosion resistance 
[13]

. It increases the nitrogen solubility in austenite 

without forming nitrides and also contributes with nitrogen strengthening effect. Manganese 

addition has some disadvantages like its weakening effect on the passive film and also 

increasing the risk of pitting corrosion at manganese sulphide inclusion sites 
[16]

. 

Silicon 

Silicon, which is a ferrite stabilizer, improves the oxidation resistance of the stainless steel by 

forming a dense silicon oxide sub-layer on the surface. It is an effective element where 

sulfuric and nitric acids are present in the environment 
[9]

. Also, silicon prevents carburizing 

of austenitic grades at high temperatures 
[17]

. 

Stabilizing elements 

Where it is not desirable and/or possible to extremely lower the carbon content (e.g. <0.02 

wt%) strong carbide former elements like titanium and niobium are added to the stainless 

steel to prevent chromium depletion. They have higher affinity for carbon than chromium, 

diminishing M23C6 precipitation along grain boundaries and prevent localized chromium 

depletion, so-called stabilizing process 
[9]

. These elements are ferrite stabilizers. 

Molybdenum 

Molybdenum is a strong ferrite former and necessitates addition of more austenite stabilizers 

to keep the austenitic structure. It enhances the general corrosion resistance of stainless steel, 

especially against pitting corrosion. Molybdenum improves creep strength by solid solution 

hardening and facilitating carbide precipitation 
[8]

. However, it promotes sigma phase and 

Laves phase formation during the long-term aging. Also, molybdenum oxide, MoO3, has low 
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melting point (795 ºC) so that its molten oxide and/or its eutectic with some other low 

melting point oxides (like Na2O) can cause catastrophic oxidation at high temperatures. Thus 

in many cases the operating temperature of molybdenum containing alloys is limited to 700-

750 ºC 
[18]

. 

Vanadium 

Vanadium is used as a precipitate former in creep resistant alloys, usually nitrogen-containing 

low carbon grades with high resistance to intergranular corrosion. Vanadium forms nitrides 

such as VN and CrVN, which have been understood as effective and stable  precipitates 
[19]

. 

Like molybdenum, vanadium has also low melting point oxide, V2O5 (690 ºC). To avoid 

catastrophic oxidation in vanadium containing alloys (so-called vanadium attack), in most 

cases the vanadium content must be kept lower than 0.5% 
[19, 20]

. 

Copper 

Copper enhances the corrosion resistance of stainless steel in certain acids and promotes 

austenitic structure. In high temperature grades, copper has been recently known to form 

nano-scale precipitates in long term aging at high temperatures improving creep strength 
[20-

22] 
but it needs more investigation. Some results show that copper-rich precipitates form 

independently of the other phases 
[13]

; also the optimum effect of copper in different creep 

resistant alloys of 18-10 family is attained at 2.5-3 wt% copper content 
[23, 24]

 with aging 

temperatures below 850 ºC 
[23]

. 

Rare earth elements (REM) 

Rare earth metals (REM), like cerium (Ce), are added in small amounts to certain heat 

resistant austenitic stainless steels in order to increase the resistance to oxidation and high 

temperature corrosion. Cerium promotes formation of the protective chromium oxide layer 

and increases its adhesion to the underlying substrate 
[20]

.  

2.4 Precipitation in austenitic stainless steels 

Precipitation is the most dominant factor on mechanical properties at high temperatures. 

Formation, dissolution and coarsening of precipitates have to be understood to achieve good 

creep properties 
[13]

.The extensive research is still ongoing for better control over the 

precipitation process to get more reliable performance of the alloys over the long service 

periods. The precipitation process in austenitic stainless steel, similar to the other alloying 

systems, is based on the decreasing in solubility limit of alloying elements in austenite when 
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it is cooled down. Before using the alloy, solution annealing is done at proper temperature 

and time to dissolve the alloying elements in austenite; usually following by rapid cooling to 

form a supersaturated solid solution. When the alloy is aged in-service, supersaturated 

elements diffuse and react to form precipitates. Type, morphology, size, distribution and 

stability of precipitates are factors dominating the creep behavior of the alloy. In this section 

the main precipitates forming in creep resistance austenitic stainless steels are reviewed. 

Carbides, nitrides and carbonitrides 

Carbon and nitrogen are the interstitial elements and present in almost all grades of austenitic 

stainless steels. They have high affinity for carbide/nitride former elements such as Ti, Nb, V 

and Cr. The reaction product may be either beneficial or detrimental to the mechanical 

properties; however, most of them improve creep properties under controlled formation. 

M23C6 

The term M23C6 is a general notation for Cr23C6 chromium carbide in which other metallic 

elements like Fe, Mo, V, W and Ni often substitute partially for Cr 
[9, 13]

. It is known as the 

main precipitate in many grades of austenitic stainless steel. Carbon has low supersaturation 

level in austenite and high affinity for chromium 
[9]

. Even very little carbon content (e.g. 0.02 

wt%) is supersaturated at low temperatures (Figure 2.3); but due to very low diffusion rate 

practically no carbide forms below a certain temperature. 

 

Figure 2.3. Equilibrium diagram for carbon in a typical 18-10 austenitic stainless steel 
[9]

. 

The precipitation of M23C6 is accelerated above 550 ºC and usually starts on grain boundaries 

and incoherent twin boundaries where diffusion is much more rapid than in the bulk material 

[9, 25]
. As aging advances, M23C6 can precipitate on other sites like coherent twin boundaries, 
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interior grains on dislocations and around other particles, like residual carbides/nitrides 
[13, 25]

. 

Some alloying elements can hugely affect the precipitation of M23C6 carbide. Elements like 

molybdenum and nickel enhance it by decreasing the solubility of carbon in austenite; unlike 

nitrogen, which increases the solubility of carbon and by that diminishes M23C6 precipitation 

[9]
. With respect to both corrosion and creep properties it is desired for M23C6 carbide to 

precipitate as fine intragranular particles instead of chain-shape ones on grain boundaries. 

MX 

MX refers to precipitates forming by reaction of a strong carbide/nitride former such as Ti, 

Nb and V (as M) and either of carbon or nitrogen or both (X) 
[8, 13]

. As mentioned earlier 

these elements are usually used to stabilize the steel against intergranular corrosion sensitivity 

by trapping the excess carbon in the form of MC precipitate instead of the detrimental 

chromium rich M23C6. Stabilizing heat treatment has to be done after solution annealing of 

the alloy prior to use it by heating in the temperature range of 840–900 ºC for several hours 

[13]
. Addition of M group to austenitic stainless steel has also creep strengthening effect when 

fine MX precipitates form, mostly intragranular, during in-service aging. For instance NbX 

particles are known to have more strengthening effect than intragranular M23C6 particles; 

however, NbX particles may grow faster under creep condition since stress promotes 

diffusion of Nb atoms but not C atoms 
[26]

. MX has a low energy NaCl-like atomic structure 

forming a cuboidal shape after sufficient aging. The stoichiometric composition of MX gives 

it high stability with no compositional change in long-term aging; however, the 

stoichiometric availability of M and X species is not possible in practice and thus, available 

elements like chromium may substitute for M 
[13]

. Many factors like M/X ratio in the alloy, 

solution annealing process and change in local equilibrium by nucleation of MX affect the 

precipitation and growth of MX particles. For instance some studies show an optimum creep 

life for 20-25 steel with 1:1 atomic ratio of niobium and carbon 
[13]

; also furnace cooling 

instead of common water quenching after solution annealing has been found to markedly 

increase the number of fine niobium rich MX intragranular precipitates 
[27]

. 

Z phase 

Z phase is defined as a niobium rich phase forming in nitrogen containing niobium stabilized 

austenitic stainless steels. It has a tetragonal crystal with suggested formula per unit cell as 

Cr2Nb2N2 in which carbon may be partially dissolved and replaced with nitrogen to form 

CrNb(CN) composition 
[13]

. It is still unclear whether Z phase forms directly or from MX 
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precipitates (such as Nb(C,N) in 20-25 alloy) but as a general agreement it is known as a 

stable  fine dispersed phase (more stable  than MX precipitates) at high temperatures, usually 

above 700 ºC 
[13]

. For instance the networks of fine CrNbN particles in a 22-16 alloy were 

found to effectively block the dislocation movement after 18 kh aging at 750 ºC 
[24]

. 

M6C 

M6C, called eta carbide in the literature, is another type of FCC carbide which usually forms 

after long-term aging. M can be varying combination of elements like chromium, iron, 

molybdenum, nickel, niobium and silicon 
[13]

. The niobium rich M6C has been reported to 

form in 20-25 alloy after long term aging (e.g. 50 kh) above 600 ºC 
[13]

. This was confirmed 

by Sourmail et al 
[28]

 when the silicon containing eta phase formulated as Cr3Ni2SiX was 

identified in NF709 steel of 20-25 family after 2500 hr aging at 750 and 800 ºC, where X 

refers to C or/and N. This phase forms on the similar sites as M23C6 with also similar 

morphologies so that, a precise compositional and diffraction analysis is required to 

distinguish Cr3Ni2SiX from M23C6 
[28]

. Also, eta carbide has been often confused in the early 

studies with G phase due to their similar structure and presence of silicon; especially when 

considering the varying content of silicon in eta phase (2-10 wt%) which makes uncertainty 

in its identification 
[29]

. For nitrogen-containing 20-25 steel with molybdenum in excess of 

4.5 wt%, Jargelius-Pettesson 
[29, 30]

 has shown both thermodynamically and experimentally 

that nitrogen can stabilize the silicon-rich eta phase, but with nitride composition (M5SiN). 

Intermetallic precipitates 

G phase 

G phase is a silicon-containing intermetallic precipitate with FCC structure forming in 

austenitic stainless steels stabilized by niobium or titanium. The general formula A16D6Si7 

has been suggested for G phase where A is mostly nickel and D is usually niobium (or 

titanium). Also other elements like iron and chromium can substitute for A and D to limited 

extent 
[13]

. In niobium stabilized 20-25 alloy with sufficient silicon content (e.g. 0.5 wt%), G 

phase can form in temperature range 500–850 ºC even prior to M23C6 
[31]

. The preferential 

site for its first nucleation is the residual NbC particles on grain boundaries as a source of 

niobium which has low diffusion rate 
[31]

. The volume fraction of G phase depends strongly 

on the silicon content of the alloy. As mentioned earlier, G phase is always confused with 

silicon-rich eta phase; but generally it is agreed that increasing of nickel content promote G 

phase as more stable  precipitate than silicon-rich eta phase especially at low carbon level 
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(e.g. 0.02 wt%) 
[13]

. As a possible way to distinguish these two, Jargelius-Pettesson 
[29, 30]

 

suggests that eta phase exhibits silicon content in the range 4.5-21 at%, whereas for G phase, 

with respect to the general formula A16D6Si7, this amount is 24 at%. Also the absence of 

interstitial elements such as nitrogen and carbon is considered as evidence for the 

intermetallic G phase 
[13]

. 

Sigma phase 

Sigma phase is a well-known intermetallic phase with tetragonal atomic structure forming in 

Fe-Cr alloying systems. In high alloyed austenitic stainless steels other elements such as Mo, 

Ni, Mn and Si may dissolve in sigma phase, replacing for iron and chromium atoms. The 

precipitation of sigma phase causes embrittlement in the alloy especially when it forms 

continuously on grain boundaries; however, its dispersed intragranular form improves 

slightly the creep properties. The precipitation of sigma phase is usually a very slow process 

occurring in long term aging. Some studies conclude that M23C6 and δ-ferrite can be the 

nucleation sites for sigma phase 
[13]

. Also, triple grain boundary junction is known as a 

preferential nucleation site for sigma phase. Alloying elements like Mo, Nb, Ti, Cr and 

especially Si are known to promote the precipitation of sigma phase 
[13]

. 

Laves phase 

Laves phase is an intermetallic component of iron and other metallic elements like Mo, Nb 

and Ti. It has a hexagonal unit cell which necessitates close atomic size of its constituent 

elements. Laves phase is generally known as more stable  precipitates in shape and size than 

carbides/nitrides in long term aging at temperatures above 700 ºC 
[32]

. In niobium stabilized 

steels Fe2Nb Laves phase is frequently reported. Also, in 20-25 alloy containing molybdenum 

the Laves phase may form with Fe, Mo, Cr, Ni and Si atoms 
[13]

. Some alloy additions can 

modify the precipitation of Laves phase to get better creep strengthening effect; for instance 

addition of zirconium has been reported to promote the precipitation of fine dispersions of 

intermetallic Laves phases like Fe2Nb and δ-Ni3Nb in a 20-30-2Nb austenitic alloy 
[32]

. 

A number of other phases can also precipitate in different grades of austenitic stainless steel 

under varying condition. For instance Cr2N in a high nitrogen alloy above 900 ºC, π nitride in 

a 20-25 high nitrogen grade at 850 ºC and copper-rich nano-scale particles. The latter, as 

mentioned earlier, are effective creep strengthening precipitates during long term aging. 

There are preferential nucleation sites for the second phase precipitates, which are indeed 

different crystallographic defects within the matrix structure. The stored energy at the locus 
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of each defect reduces the net interfacial free energy required for nucleation and growth of 

the new phase particles 
[33]

. Grain boundary is considered as the most favored nucleation site 

because of its high interfacial energy, its ability to accommodate the structural mismatch 

between precipitate and matrix and also high density of vacancies which facilitates the 

diffusion of solute atoms 
[34]

. Twin boundaries are the next preferential nucleation sites where 

a strain field is associated with stacking fault, especially in incoherent twin boundaries which 

have higher density of crystal imperfections 
[35]

. Interior the grains, the slip bands which are 

associated with a high density of tangled dislocations are preferential sites for nucleation of 

precipitates 
[25, 36]

. Slip bands are parallel due to the preferred parallel planes for dislocation 

slip within each grain and thus, precipitates forming on slip bands appear like parallel arrays 

in the microstructure. Other crystallographic defects such as vacancies and dislocations can 

be the locus of precipitate nucleation to form single particles. Also, the inclusion particles as 

well as initial precipitates forming in the early stages of aging are the other common 

nucleation sites for further precipitation. 

The kinetics of precipitation processes in niobium stabilized austenitic stainless steel with 20-

25 matrix has been summarized in a time-temperature-precipitation (TTP) diagram by Powell 

et al 
[31]

 (Figure 2.4). Each curve in this diagram represents the temperature and time 

condition at which the corresponding precipitate has been firstly observed. The exception is 

grain boundary G phase which was supposed to form from the residual Nb(CN) particles on 

grain boundaries; so that the time-temperature condition at which these Nb(CN) particles 

were disappeared has been considered as the finish curve for grain boundary G phase 
[31]

. 

 

Figure 2.4. TTP diagram for niobium stabilized 20-25 austenitic stainless steel by Powell et al [31]. 
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2.5 Energy dispersive X-ray spectroscopy (EDS) microanalysis 

When a solid sample is bombarded with a focused beam of high-energy electrons, as an 

interaction product of the electron beam and sample atoms, X-ray emits from the sample with 

an energy spectrum proportional to the chemical analysis of the bombarded area. Energy 

dispersive X-ray spectroscopy (EDS) makes use of this X-ray spectrum to determine the 

localized element composition. All elements from atomic number 4 (Be) can be detected 

based on the characteristic energy of X-ray photons emitting from each element 
[37]

. 

For the first time Moseley in 1913 found that the frequency of characteristic X-ray emitting is 

a function of the element atomic number. This led to the early spectrochemical analysis using 

X-ray spectrum from the excited specimen to determine its element composition; however the 

analyzed area was quite large (>1 mm
2
). The first instrument using a focused electron beam 

was built by R. Castaingin in early 1950’s. Further development led to the electron probe 

microanalyzer (EPMA) with a gas-proportional counting detector and wavelength dispersive 

spectrometer (WDS) working based on X-ray diffraction on a crystal at a certain angle 

proportional to the X-ray wavelength. Finally lithium-drifted silicon solid-state detectors, 

Si(Li), were developed (Fitzgerald et al., 1968 
[38]

) to introduce the energy dispersive X-ray 

spectroscopy (EDS) as a fast and accurate analyzing method. Since scanning electron 

microscope (SEM) works with the same focused electron beam as EPMA, nowadays the X-

ray microanalyzing is usually done by SEMs equipped with EDS and/or WDS detectors to 

have a more effective function. 

2.5.1 Beam electron-specimen interaction 

High energy beam electrons undergo variety of interactions with specimen atoms resulting in 

different products which carry information such as specimen’s composition, crystallography 

and topography. Beam electrons are scattered within the specimen either elastic or inelastic. 

In elastic scattering a beam electron changes its trajectory without losing kinetic energy. This 

interaction is responsible for electron backscattering (high-angle elastic scattering) which is 

an important signal for imaging. Inelastic scattering occurs when all or a part of electron 

kinetic energy is transferred to the specimen atoms generating different products such as 

secondary and Auger electrons as well as characteristic X-rays 
[38]

. Trajectories of elastic and 

inelastic scattering determine the volume in which beam electrons interact with specimen 

atoms, so-called interaction volume. Figure 2.5 shows a scheme of typical interaction volume 

with different interaction zones and a Monte Carlo electron trajectory simulation 
[38, 39]

. 
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Eq. 2.4 

 

Eq. 2.5 

 

Figure 2.5. (a): Schematic beam electrons-specimen interaction volume [39]; (b): Monte Carlo 

simulation of electron trajectory in iron for 20 keV beam energy [38]. 

The pear shape of the interaction volume is due to the characteristics of elastic and inelastic 

scattering. As electrons penetrate into the specimen they lose energy and thus probability of 

elastic scattering increases which results in more trajectory deviations (broadening of the 

interaction volume). This also provides several interaction zones relative to the beam entering 

point differing in product. Auger electrons coming from very close-to-surface are used for 

surface analyzing whereas secondary and backscattered electrons are mostly used for SEM 

imaging. The characteristic X-rays are the main signals in EDS microanalysis to determine 

the chemical composition of the specimen. However other X-ray radiations like continuum 

X-ray and the secondary fluorescence may also be used as the sources of other information. 

Characteristic of the interaction volume is a function of beam energy, specimen composition 

and beam incident angle. There are some empirical expressions to determine the size of the 

interaction volume.  For instance equations 2.4 and 2.5 have been derived to estimate depth 

and width of the interaction volume respectively for a perpendicular electron beam 
[39]

: 

  (  ) =
0.1(  )

 . 

 
 

  (  ) =
0.0  (  )
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Where E0 is the beam energy (keV) and ρ is the specimen density (gr/cm
3
). The beam energy 

is the kinetic energy of beam electrons which is equal to the SEM accelerating voltage 

multiplied by the charge of electron. Therefore the accelerating voltage is a major factor to 

control the size of the interaction volume. 
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There are also theoretical methods to determine the interaction volume. Monte Carlo electron 

trajectory simulation is a common method to visualize the interaction volume. Figure 2.6 

shows the effect of SEM accelerating voltage on the size of the interaction volume in iron. 

 

Figure 2.6. Monte Carlo simulation of the interaction volume in iron as a function of accelerating 

voltage, (a): 10 kV, (b): 20 kV, (c): 30 kV [38]. 

In EDS microanalysis the spatial resolution is determined by the size of the interaction 

volume. The smaller the interaction 1volume is, the better the spatial resolution of 

microanalysis will be. Usually the larger dimension of interaction volume is considered as the 

spatial resolution since the characteristic X-rays come from very deep region of the 

interaction volume. 

2.5.2 Origin of characteristic X-rays 

When a beam electron hits a bounded inner-shell electron of the specimen it can knock the 

atomic electron and make an electron vacancy in that shell. The minimum necessary beam 

electron energy for this interaction is called critical excitation/ionization energy (Ec). To 

resume the ground state a limited set of allowed electron transitions from the outer shells may 

occur to fill the vacancy. Since the energy of shell electrons are sharply defined as the 

characteristic values of atomic species, the energy difference of the ejected electron and the 

substituent one is also sharply defined and can be measured as a characteristic value. This 

energy excess can emit from the atom as either the kinetic energy of an Auger electron or the 

energy of an X-ray photon 
[38]

. Figure 2.7 shows the excitation process and two possible 

transitions to generate X-ray; a single transition from an outer shell to the vacancy producing 

a single X-ray photon and a multiple transition which results in the emission of two X-ray 

photons 
[39]

. The characteristic energy of X-ray can be understood by the energy level 

diagram of the atom. Electrons orbit around the nucleus on the specific orbital states with 

specific energies; each is identified by a unique set of quantum numbers (n, l, j, mj). The 

principle quantum number, n, denotes the shell in which all electrons have close energies 

a b c 

0.5 μm 0.5 μm 0.5 μm 
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while l, j and mj characterize the subshell, magnetic momentum and spin of the electron 

respectively. 

 

Figure 2.7. Excitation of atom by incident electron generating single or multiple X-ray photons [39] 

The number of energy states or electron population in each shell is determined based on the 

defined possible values for quantum numbers l, j and mj per each principle number, n. In the 

X-ray notation the closest shell to the nucleus (n=1) is known as K with 2 electrons; the next 

is L (n=2) containing 8 electrons, then M (n=3) with 18 electrons, etc. Except the inner shell 

K other shells are divided into subshells to be able to have high number of energy states. 

Figure 2.8 is a schematic diagram of the inner atomic electron shells. 

 

Figure 2.8. Schematic diagram of the inner atomic electron shells 

The characteristic X-rays are named based on the shell/subshell in which the initial vacancy 

occurs and the one from which an electron drops to fill that vacancy 
[40]

. The general 

expression for a characteristic X-ray is Spi where “S” is the shell with inner vacancy (K, L or 

M), “p” is a Greek letter indicating the inter-shell transition probability in decreasing order 
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(α, β, etc.) and “i” is a number denoting the spectral resolvability of the X-rays within a given 

shell in descending order (1, 2, etc.). For instance the most probable characteristic X-ray is 

Kα1 while the less probable, Kα2, has very close value which is usually not resolved, and thus 

they are considered as a single characteristic X-ray denoted as Kα 
[38]

. Lots of other X-rays 

are also irresolvable from the adjacent ones or have very low probability especially when the 

atomic number increases. So a simplified expression of the most observed characteristic X-

rays is usually used (Figure 2.9). 

 

Figure 2.9. Energy level diagram of atom and the most probable transitions producing resolvable 

characteristic X-rays [38]. 

2.5.3 Continuum X-ray 

In addition to the characteristic X-ray photons continuum X-ray is also produced from the 

beam-specimen interaction. Beam electrons are deflected by strong electromagnetic fields of 

the specimen atoms nuclei, decelerated and lose a part of their kinetic energy. This energy 

loss is emitted in the form of X-ray photons called braking radiation (bremsstrahlung in 

German). Because of the random nature of interaction, all degrees of electron deceleration are 

possible, so the radiation has a continuous energy spectrum from zero to the entire beam 

electron energy and, thus, is also known as continuum X-ray. The intensity of continuum has 

been formulated as equation 2.6 
[38]

: 

    
  ̅(     )

  
                                    .  .                       
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Where  ̅ is the average atomic number of the specimen,    is the beam energy, i is the beam 

current and    is the continuum radiation energy. According to the above equation in low 

photon energies (  ) the continuum intensity will be higher. Also when heavy elements (high 

Z) are being analyzed their stronger nucleus fields cause higher density of electron deflection 

and thus the intensity of continuum radiation increases 
[38]

. The importance and effect of 

continuum X-ray on EDS analysis is discussed in the following section. 

2.5.4 EDS X-ray spectrum 

X-rays are detected by a solid state detector which is usually a lithium-drifted silicon Si(Li) 

semiconductor crystal. The captured X-rays create electron-hole pairs forming charge pulse 

under an applied bias. The pulses are then converted to voltage signals by a charge-to-voltage 

converter, so that each voltage signal is proportional to the energy of the incoming X-ray 

photon. These signals are amplified by a linear amplifier and finally passed to a computer 

analyzer where the data is digitized and displayed as a histogram of characteristic lines with 

varying intensities over voltage (energy) 
[37-40]

. 

Figure 2.10 shows a typical EDS spectrum of an austenitic stainless steel (one of the alloys of 

the present work) consisting of the characteristic lines (peaks) and continuum X-ray. 

 

Figure 2.10. EDS spectrum of an austenitic alloy of the present work and position of characteristic 

lines, taken by SEM with EDS detector at 20 kV accelerating voltage. Continuum X-ray is also 

illustrated. The energy resolution of nickel Kα peak is pointed by a red dash and FWHM letters. 

Although the characteristic lines have sharply defined energies, in EDS spectrum they are 

broadened to Gaussian profiles (peaks) because of the convolution of detector-analyzer 
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response effect 
[38]

. The position of each peak corresponds to the X-ray characteristic energy 

of a certain element and thus the present elements within the analyzed volume can be 

identified, so-called qualitative analysis. Also the peak height (intensity) shows the detection 

frequency of its corresponding characteristic X-ray which is proportional to the concentration 

of the excited element in the analyzed volume. Therefore the local composition of the 

specimen can also be obtained, so-called quantitative analysis. EDS spectrum has some 

important features determining the quality and accuracy of the analysis. Here some major 

ones are discussed. 

Continuum X-ray 

An EDS detector collects both characteristic and continuum X-ray photons. Since the 

continuum X-rays have a continuous energy spectrum they produce spectral background 

intensity under the characteristic peaks (Figure 2.10). This background is usually considered 

as a nuisance to the EDS analysis because the low intensity peaks coming from low 

concentrated elements may be hidden under the background 
[38]

; so the lowest detectable 

concentration of alloying elements (detection limit) is strongly dependent on the intensity of 

continuum X-rays. As it was discussed under the equation 2.6 it can be added that phases 

containing heavy elements have higher detection limits because of producing more intense 

continuum 
[37]

. 

Energy resolution 

The energy resolution (FWHM) is defined as the width of the peak at its half maximum. 

Usually manganese Kα peak at 5.89 keV is measured as a standard reference. The energy 

resolution of the common EDS systems using Si(Li) detector is in the range of 130–150 eV, 

however, by Ge detectors this amount has been lowered to 115 eV 
[37]

. As an example the 

energy resolution for the above EDS spectrum can be measured as ~160 eV for nickel Kα 

peak (red dash in Figure 2.10). FWHM depends on the variety of factors like intrinsic and 

thermal electronic noises in detector and the so-called dead time. A background level of noise 

is always present which can be lowered by choosing longer process time, i.e. giving more 

time for averaging the incoming voltage signals from detector 
[40]

 resulting in narrower peaks. 

Dead time is the time given to the detection system after the arrival of an X-ray photon to be 

processed and added to the recorded spectrum before entering further photons 
[38]

; so 

increasing the dead time can intensify the peaks. However, there is always a trade-off 

between the process time and the dead time for the least peak broadening (best FWHM) 
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because the longer the process time, the longer pause to measure each X-ray, and the fewer 

events that can be detected 
[40]

. 

Peak-to-background ratio 

Peak-to-background ratio (P/B) is an important factor determining the ability of the analyzer 

to detect and measure the characteristic peaks from the underlying background. Higher peak-

to-background ratio provides more accurate analysis and lowers the detection limit. In EDS 

spectrum Kα lines have much larger P/B ratio than L and M lines (Figure 2.10) because at 

sufficient beam energy Kα characteristic X-rays have the highest probability to be generated 

(section 2.5.2); so analysis using Kα lines provides high accuracy. Although increasing the 

accelerating voltage provides more intense peaks P/B ratio may not necessarily improve since 

continuum X-ray also intensifies at higher voltages (equation 2.6). The best way to improve 

P/B ratio is prolonging the acquisition time with optimum selection of other parameters such 

as process time and dead time. 

Spectral artifacts 

EDS spectrum usually contains different artifacts where most of them originate from the 

detector electronics. The two most common artifacts are pulse pileup peaks and silicon 

escape peaks. Pileup peaks occur when two consecutive X-ray photons are recorded as a 

single one because of their nearly same arrival time to the detector. It can be reduced by 

lowering the beam current and/or process time 
[40]

. 

2.5.5 Accuracy of EDS microanalysis 

The accuracy of EDS, both qualitative and quantitative analyses is a direct function of the 

above mentioned characteristics of EDS spectrum. Apart from the instrument capability, the 

quality of EDS spectrum can be improved to some extent by adequate operational control. 

The effect of some controllable parameters such as acquisition time, process time, dead time 

and beam current were shortly discussed in the last section. 

Regarding the qualitative analysis, the accuracy depends on the ability of analyzer to 

distinguish the characteristic lines (peaks) from each other as well as from the background, 

measure their energy and compare them to those of the predefined values to identify the 

present elements. For this purpose 
[38]

: 

1. Spectrometer needs to be properly calibrated with a reference element having the main X-

ray line (Kα line) close to that of the interest. 
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2. Operating condition must be properly set up to give sufficient counts of the present 

characteristic X-rays providing adequate P/B ratio. The smallest detectable peak is usually 

considered as three times the standard deviation of the background 
[37, 40]

 

3. Serious peak overlaps must be avoided and in the case of inevitable overlaps like MoLα 

(2.293 keV) and SKα (2.307 keV) the proper deconvolution must be done. 

In quantitative analysis “the intensity of present peaks in the EDS spectrum corresponding to 

preselected elements for both sample and standard are measured under the same operating 

condition”
 [38]

. Then the intensity ratios (peak/standard) are converted to the chemical 

concentration of preselected elements 
[38]

. In addition to the above listed considerations in 

operating the EDS analyzer a number of corrections such as correction of matrix atomic 

number-absorption-fluorescence effect (ZAF correction) is also carried out by the analyzer 

itself to improve the accuracy of quantitative analysis (discussed in detail in reference 31). 

The common accuracy of EDS analyzers is ~1% for major elements 
[37, 38]

 which means 1% 

error of the measured content from the actual/accepted content. This amount can be higher 

(poorer) for too light or too heavy elements because of different factors such as matrix effect 

(for light elements) and bounding effect 
[41]

 (for heavy elements). Also the common detection 

limit of EDS analysis is 0.1% when K lines are used giving adequate P/B ratio. 

2.6 Low voltage EDS microanalysis 

As mentioned earlier the energy of electron beam, as a function of accelerating voltage, must 

overcome the critical excitation energy of the X-ray line of interest. However, higher energies 

with a factor of 1.5 to 3, termed overvoltage, are always needed to have adequate excitation 

efficiency. A common used SEM accelerating voltage for EDS microanalysis of iron-base 

alloys is 20 kV. This voltage provides sufficient over-voltage for effectively exciting the 

majority of present elements to give Kα lines, by which an accurate analysis can be made. 

The exception is a group of heavy elements, commonly being alloyed to steel such as 

niobium and molybdenum with high energy Kα lines (>16 keV) but instead having resolvable 

lower energy L lines. According to the empirical equations 2.4 and 2.5 the estimated 

dimension of the interaction volume at 20 kV is ~1.1 μm in depth and ~0.9 μm in width 

which means a spatial resolution of almost 1 μm for EDS microanalysis. Therefore 

characterization of sub-micron particles becomes so difficult or even impossible in case of 

nano-scale particles due to interference of the interaction volume with matrix. The main 

advantage of scanning transition electron microscopy (STEM) is its thin specimen and extra 
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high voltage which limit the interaction volume and also X-ray absorption 
[42]

 resulting in the 

superior spatial resolution of a few nanometers 
[43]

. However, an upper limit for the effective 

spatial resolution of STEM is usually considered as 0.1 μm with respect to the common 

thickness of its thin foil samples 
[44]

. The gap between the chemical resolution capability of 

SEM-EDS (>1 μm) and that of the STEM-EDS (<0.1) can be filled by using low accelerating 

voltage in high resolution SEM 
[44]

. For this application field, emission gun SEM (FE-SEM) 

is preferable due to its highly concentrated beam to minimize the effect of chromatic 

aberration and get adequate resolution 
[45]

. 

When reducing the accelerating voltage from 20 to 5 kV the estimated interaction volume can 

be reduced for the same specimen to ~140110 nm which means almost 8 times better spatial 

resolution. Also, the matrix absorption effect is reduced thanks to the shorter X-ray escape 

path in matrix when the beam penetration depth is smaller at low voltage. Therefore, Low 

voltage EDS is suitable for analyzing fine particles, light elements and thin coatings 
[43]

. 

Figure 2.11 shows the characterization of a sub-micron precipitate in an austenitic stainless 

steel studied in the present work using 5 kV accelerating voltage in FE-SEM with attached 

EDS analyzer. The appearance of niobium, boron, carbon and nitrogen peaks in the EDS 

spectrum shows that these elements have segregated to the analyzed particle. 

 

Figure 2.11. (a): SEM image of a sub-micron precipitate in an austenitic stainless steel of the present 

work; (b): The corresponding EDS spectrum of the precipitate at 5 kV accelerating voltage showing 

enrichment of niobium, carbon, nitrogen and boron in the particle 

In the case of a thin coating layer Figure 2.12 shows how decreasing the accelerating voltage 

can correct the chemical analysis of a 0.18 μm aluminum film on a silicon wafer. The 

interference of the interaction volume with substrate decreases with reducing the voltage and 

is fully eliminated in 4 kV (c) 
[44]

. 
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Figure 2.12. EDS spectrum of an aluminum coating film (0.18 μm thick) on the silicon wafer at 

different accelerating voltages, (c): correct analysis can be obtained at 4 kV [44] 

In the recent improvements of high-resolution FE-SEM with optimized EDS analyzers the 

spatial resolution of 20 nm has been obtained 
[43]

. This has markedly improved the capability 

of SEM-EDS microanalyzers to cover a wide range of spatial resolutions above few tens of 

nanometer. Within this range the low voltage SEM-EDS can even compete with STEM 

thanks to its advantages such as easier instrument operation, no need of thin foil sample 

preparation, possibility of analyzing bulk samples and better counting statistics due to the 

larger available analyzing area 
[42-44]

. 

2.6.1 Drawbacks of low voltage EDS 

There are some weak points in using low voltage EDS microanalysis which are discussed in 

detail in section 4.6; here some major ones are reviewed. 

The main problem is the limited number of characteristic lines in the X-ray spectrum at low 

voltage, especially K lines as the most probable and resolvable lines 
[43, 45]

. As it can be seen 

in Table 2.2, giving the main characteristic energies (Kα and Lα) of common metallic 

elements, except magnesium and aluminum with Kα at 1.254 and 1.487 keV respectively 

other common metallic elements cannot be effectively excited at voltages below 10 kV to 

give Kα lines. Therefore, only L lines are available in low voltage EDS having much lower 

P/B ratios than Kα peaks. Also, in the low energy region of the X-ray spectrum, e.g. below 3 

keV, there are lots of compact low-intensity L and M lines and thus, peak overlap can be a 

serious problem reducing the accuracy of both qualitative and quantitative analyses 
[43]

. 

Table 2.2. X-ray characteristic energies (keV) of common metallic elements [47] 

Element Mg Al Ti V Cr Mn Fe Ni Cu Zn Nb Mo 

Kα 1.254 1.487 4.511 4.952 5.406 5.899 6.404 7.478 8.048 8.639 16.615 17.479 

Lα — — 0.452 0.511 0.573 0.637 0.705 0.852 

 

0.930 1.012 2.166 2.293 

1.487 keV 1.740 

a b c 
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The other problem of low voltage EDS is related to the characteristic of continuum X-ray at 

low beam energy. According to the equation 2.6 the intensity of continuum X-ray for a given 

beam energy (E0) is higher in the low energy region of X-ray spectrum (low Ev) and also 

increases with increasing the average atomic number of the specimen. This can reduce the 

P/B ratio, especially for L lines (high-Z) and deteriorate the detection limit. Moreover, at low 

accelerating voltage the analysis is generally more sensitive to surface condition due to the 

smaller interaction depth. This can increase the negative effect of surface contamination in 

producing nuisance peaks in EDS spectrum. 
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Chapter 3 

3 EXPERIMENTAL WORK 

3.1 Alloy selection 

As discussed earlier the 20Cr-25Ni austenitic stainless steel family has been extensively 

studied and was mainly developed to be used as SH/RH tube material although its application 

is by no means limited to this sector; but there is still potential for further development. The 

aim of the present work was to study the effect of simultaneous presence of vanadium, 

niobium, nitrogen and copper on the microstructure of a 20Cr-25Ni alloy at elevated 

temperatures. The designed composition for the alloy was according to Table 3.1. 

Table 3.1. Designed chemical composition ranges for studied alloys 

Element Cr Ni Mn Si Mo C Cu N V Nb 

Wt % 20 25 1 ≤0.6 1.5 ≤0.015 2.8 0.1-0.25 0-0.4 0-0.4 

Manganese and silicon were decided to be at the similar contents as previous studies on 

20Cr-25Ni alloys 
[28, 31]

. Molybdenum was supposed to improve the corrosion properties at 

this level with no detrimental effect on precipitation. Carbon was kept at the lowest possible 

level to minimize the risk of chromium depletion along grain boundaries. Copper, as 

discussed earlier, with contents in excess of 2.5% can effectively form fine precipitates 
[23, 24]

; 

however, no more than 3 wt% copper has been used in creep resistant alloys (Table 1.1). 

Therefore, a copper content of 2.8% was selected for this study as a constant alloying element 

in the matrix. Nitrogen varied from 0.1 to 0.25 to see how it affect the precipitation of nitrides 

and carbonitrides in the presence of vanadium and/or niobium. Finally, the contents of 

vanadium and niobium varied in such a way to be able to investigate their competitive effects 

on the precipitation of different phases such as carbides, nitrides and carbonitrides as well as 

their probable effect on the precipitation of nano-scale copper-rich phase. 

3.2 Base melt preparation 

A medium-frequency high vacuum melting furnace was used to make the base melt. When 

vacuum was applied the chamber was filled by pure nitrogen at 300 torr pressure to set an 

equilibrium state with the dissolved nitrogen in order to avoid nitrogen escape from the melt. 

Table 3.2 gives mass and chemical composition of charged materials. The melting process 
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took almost 5.5 hours. At the final stage, before casting the melt into the crucible, aluminum 

was added for deoxidization. 

Table 3.2. Chemical composition and mass of charged materials for the base melt 

Charged material Chemical composition (Wt %) Mass (gr) 

Stainless steel 725LN 25.1Cr, 22.15Ni, 2Mo, 1.7Mn. 0.2Si, 0.13N, 0.012C 17717 

Pure iron ingot 99.86Fe, 0.009C, 0.064Mn, 0,004Si, 0.02Ni, 0.015Cr  4785 

Fe-Cr 30.4Fe, 69Cr, 0.052C, 0.545Si 595 

Fe-Si 25Fe, 75Si 160 

 Fe-Mo 

 

31Fe, 68.4Mo, 0.5Cu, 0.02C 103 

Fe-Cr-N 24Fe, 65.4Cr, 10.55N, .04C 125 

Cu 100Cu 755 

Cr 100Cr 700 

Ni 100Ni 3100 

Mn 100Mn 10 

Al 100Al 20 

The resulted chemical composition of the ingot is given in Table 3.3. 

Table 3.3. Chemical composition of the base melt ingot 

Element Cr Ni Mn Mo Si C N Cu P S Nb V 

Wt % 19.88 25.23 1.1 1.54 0.57 0.014 0.111 2.81 0.011 0.003 0.004 0.043 

The oxygen content of the base melt was analyzed as 119 ppm. This relatively high amount 

was due to a little leakage in the furnace and failure in aluminum addition which caused an 

incomplete deoxidization. 

3.3 Making mini-melts 

In order to have desired variation in the chemical composition, smaller melts (mini-melts) 

had to be made from the base melt with re-melting it and addition of Nb, V and N. For this 

purpose a laboratory scale high frequency melting furnace (Figure 3.1) was used. A number 

of similar slices were cut from the base melt ingot with dimension not bigger than 81.51 

cm. Then the slices were precisely weighed and charged into small crucibles with addition of 

certain amounts of alloying elements to get the desired chemical analysis for each mini-melt. 

Figure 3.1 shows different parts of the laboratory scale high frequency melting furnace used 

for making mini-melts. The main challenges of using this method were difficulty in repetition 

of similar melting process, controlling the low level of carbon and obtaining the desired 
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nitrogen content. Every minor change in charging and operating of the furnace, e.g. size and 

contact area of the charged pieces and the relative position of the crucible and the coil 

affected hugely the melting time and the final analysis of the melt. 

 

Figure 3.1. The laboratory scale high frequency melting furnace used to make mini-melts. 

Nitrogen was used as the protection gas inside the quartz chamber. The average melting time 

was 9 minutes. When the heat was completely molten it was held for 30 to 60 seconds before 

switching off the furnace to give the melt enough time to be stirred by its internal eddy flow. 

In order to check the homogeneity of the melt, one sample was analyzed from two sections 

with 10 millimeters distance. The result showed a similar analysis confirming that the given 

time to the melt is sufficient for the alloying elements to be mixed homogeneously. Finally 

thirteen mini-melts weighing around 700 gr were made by this method. Figure 3.2 shows one 

of the typical mini-melt samples and the analyzed section. 

 

Figure 3.2. One of the mini-melt samples and the analyzed section 
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Of the thirteen mini-melts four (no. 5, 7, 10 and 11) were selected for further experiments 

with the chemical analyses as listed in Table 3.4. A more easily understood nomenclature is 

used to indicate the main alloying concept of each sample. 

Table 3.4. Chemical analysis of four selected samples 

Mini-melt 
Alloying elements (wt%) 

Cr Ni Mn Mo Si C N Cu P S Nb V O (ppm) 

5-V 20.15 25.18 1.0 1.53 0.65 0.015 0.119 2.83 0.01 0.003 0.004 0.412 270 

7-Nb 20.12 25.19 1.08 1.49 0.59 0.017 0.121 2.79 0.012 0.003 0.36 0.039 188 

10-VNb 20.15 25.29 1.08 1.51 0.59 0.016 0.12 2.82 0.012 0.003 0.44 0.41 221 

11-VNbN 20.19 25.31 1.09 1.51 0.63 0.017 0.213 2.83 0.013 0.002 0.46 0.415 106 

The oxygen content of mini-melts varied from 106 to 270 ppm. This variation was due to the 

technical difficulties for deoxidization in the laboratory scale furnace and also changes in the 

melting condition of different mini-melts. As it is discussed later in chapter 4 this oxygen has 

no significant effect on the study. 

3.4 Forging and solution annealing 

To break up the solidification microstructure of mini-melts, make them more homogenous 

and also form the desired dimension for final samples, a hot forging process was used. For 

this purpose a proper handle was welded to each mini-melt. Then they were heated up to 

1200 ºC and pressed in multiple steps using a hydraulic open-die press. Figure 3.3 shows a 

specimen under forging and its final shape. 

 

Figure 3.3. Forging at 1200 ºC in multiple steps in thickness (a) and width (b) to form the final cross 

section of 1150 mm (c) 

Eight steps of pressing were done to reduce the thickness and four steps for the width. 

Between the steps specimens were kept in the furnace at 1200 ºC temperature. The forging 

process was set up to get the final cross section of 1150 mm which lasted almost 2 h for 

a b c 
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each sample. After the final pressing step samples were quenched in water. Then solution 

annealing was carried out on the forged pieces at 1150 ºC for 30 minutes followed by 

quenching in water to get supersaturated solution of alloying elements in austenite. 

3.5 Aging 

Solution annealed samples were cut out into smaller pieces in order to make three groups of 

samples each containing all 4 alloys. Then they were arranged in 3 furnaces to be aged at 

three temperatures of 700, 800 and 850 ºC for 500 h. Sample number 10 and 11 suffered 

catastrophic oxidation at 800 and 850 ºC after different aging times (Figure 3.4). 

 

Figure 3.4. Catastrophic oxidation in sample 10-VNb after 260 h aging in 850 ºC 

3.6 Metallography and microstructural examination 

Polishing of the samples ended with 3 µm diamond paste. Then electrolytic etching was used 

to reveal grain/twin boundaries and precipitates. The etchant was Aqua regia or V2A (10 HCl 

: 10 H2O : 1 HNO3) at 50 ºC. The selected etching method was according to the company’s 

internal instruction 
[48]

 and the proper etching time was found as 35 seconds by checking the 

microstructure at different times. The instruments used for the microstructural observation 

were light optical microscope and ZEISS Ultra 55 field emission scanning electron 

microscope (FE-SEM). The FE-SEM provided high resolution imaging thanks to its 

concentrated beam and a set of sensitive high efficiency secondary and backscattered electron 

detectors. 

3.7 Characterization of precipitates using EDS microanalysis 

To identify the precipitates energy dispersive X-ray spectroscopy (EDS) was carried out. The 

instrument was FE-SEM equipped with an Oxford EDS microanalyzer (INCA-Penta Fet X3). 

The microanalysis was done at high and low accelerating voltages (20 and 5 kV) to identify 

10 mm 
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micron-sized and sub-micron-sized precipitates, respectively. Pure cobalt (Kα=6.93 and 

Lα=0.776 keV) as a common element for quantitative optimization of the EDS system was 

used for 20kV accelerating voltage. For optimization at 5kV voltage an element was required 

with Kα line below 2 keV to get adequate accuracy in the EDS analysis. Of the few available 

pure elements, silicon (Kα=1.74) was selected for this purpose. 

To study the effect of operational controls on the EDS analysis different manipulations on the 

acquisition setup was carried out and also 2.5 kV accelerating voltage was tested in order to 

see whether it can improve the accuracy of the analysis. 
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Chapter 4 

4 RESULTS AND DISCUSSION 

4.1 Sample preparation process 

The sample preparation process has always effects on the entire study. Here some important 

aspects of the sample preparation are discussed. 

4.1.1 High oxygen content 

As mentioned earlier, due to some technical problems in the melt preparation the 

deoxidization was inadequate and resulted in high oxygen content varying between 106 to 

270 ppm in different samples. Since the solubility of oxygen in the solid steel is low (~10 

ppm) the excess amount of oxygen forms nonmetallic phases such as MnO and SiO2 
[49]

.  

Figure 4.1-(a) shows SEM image of sample 5-V (containing 270 ppm oxygen) after solution 

annealing in which the dark phase is a large inclusion. The EDS spectrum of the inclusion (4-

b) shows peaks of oxygen, silicon, manganese and chromium.  

 

Figure 4.1. (a): SEM image of sample 5-V in solution annealed state with an inclusion particle, (b): 

EDS spectrum of the inclusion at 20 keV beam energy showing the presence of O, Si, Mn and Cr.  

The same EDS analysis was carried out for the inclusions in all samples. The resulted average 

chemical composition of inclusions (three analyses per sample) was according to Table 4.1. 

The oxygen content of each sample is also given in the Table 4.1. As it can be seen, 

inclusions are oxides where O, Cr and Mn have the highest proportion. In sample 5-V 

comprising the highest oxygen content (270 ppm) silicon is also a major oxide former. 

15 μm 

a b 

keV 
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Table 4.1. EDS quantitative analysis of the inclusion particles (average of 3 analyses per sample) 

Sample 
Oxygen 

content 

(ppm) 

Chemical analysis of inclusion (wt%) 

O Fe Cr Ni Mn V Cu Si Al Other 

5-V 270 36.2 2.8 34.0 0.8 20.5 2.6 — 6.1 1.6 — 

7-Nb 194 30.4 14.4 31.2 6.5 14.3 — 0.9 0.2 1.7 0.5 Ti 

10-VNb 221 28.8 1.8 38.2 0.9 21.2 3.7 — 0.3 0.8 0.7 Ti 

11-VNbN 106 28.9 7.1 33.8 0.6 25.0 2.4 — — 6.3 0.9 Ti 

The average volume fraction of inclusions in sample 5-V was estimated as 0.13% using a 

manual point counting method according to ASTM E 562. From that the amount of extracted 

elements from the matrix to form oxides can be obtained by multiplying their concentration 

in the oxide (Table 4.1) by the volume fraction of inclusions. For instance the amount of Mn 

existing in the matrix (1.0 wt%, Table 3.4) will reduce by (0.20510.13) or ~0.027 when it 

segregates into the oxide inclusions. The same calculation for other elements taking part in 

the oxide phase was carried out with results as given in Table 4.2. 

  Table 4.2. Reduction of the matrix elements in wt% to form oxide inclusions in sample 5-V 

O Fe Cr Ni Mn V Cu Si 

0.047 0.004 0.044 0.001 0.027 0.003 — 0.008 

This range of reduction in the alloying elements is negligible. The calculated amount for 

oxygen (470 ppm) is higher than its initial analyzed amount (270 ppm) indicating that almost 

all oxygen in the matrix has formed oxide inclusions rather than remaining in solution. 

4.1.2 Solution annealing 

Solution annealing treatment was 30 min heating at 1150 ºC followed by water quenching 

which was selected based on the previous works in Outokumpu and also those that have been 

suggested in literature for similar alloys 
[28, 31, 50]

. The SEM microstructure of solution 

annealed samples can be seen in Figure 4.2. In sample 5-V almost no residual phase was 

observed which verified the selected annealing temperature and time for this alloy; but in 

niobium containing samples (7-Nb, 10-VNb and 11-VNbN) some residual phases remained 

undissolved in the microstructure (bright second phase particles in micrographs (b), (c) and 

(d) of Figure 4.2). They might have been formed in any of the previous steps of sample 

preparation (e.g. solidification of mini-melts, hot forging, etc.), especially when considering 

the variation in their morphology and formation site. In this step only micron-scale particles 

are analyzed and sub-micron ones are discussed in section 4.5. 
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Figure 4.2. Solution annealed SEM images; (a): sample 5-V with no residual phase; (b): sample 7-Nb, 

two locations of residual particles are pointed as 1 (grain boundary) and 2 (interior grain); (c): sample 

10-VNb, residual phase particles on twin boundary; (d): sample 11-VNbN, sub-micron residual phase 

particles located on grain boundary (1) and interior grain (2). 

EDS microanalysis was carried out to identify the residual phase with the resulted average 

chemical analysis (at least five particles per sample) according to Table 4.3. The average 

volume fraction of residual phase was also estimated using a manual point counting method 

according to ASTM E 562 and the result is given in Table 4.3. 

Table 4.3. Average chemical analysis of residual phase in samples 7-Nb, 10-VNb and 11-VNbN 

Sample 
wt% of detected elements volume 

fraction 

(%) B C N V Cr Fe Ni Nb 

7-Nb 13.7 6.6 8.1 0.1 19.3 7.1 2.2 43.0 0.39 

10-VNb 11.5 6.9 7.8 2.5 19.5 7.1 2.4 42.4 0.28 

11-VNbN 10.7 6.4 7.5 3.7 20.0 10.1 4.2 35.4 0.32 

It can be seen that the composition of residual phase is very close in three samples with Nb-

C-N-B base and some other dissolved elements. The high concentration of niobium and 
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nitrogen in the residual phase is undesirable due to the reduction of their content in the matrix 

and consequently their effect in precipitation under aging; especially when considering the 

relatively high volume fraction of residual phase in all samples. For instance in sample 7-Nb 

the amount of niobium extraction from the matrix to the residual phase can be calculated as 

(0.39×43.0)/100 or ~0.17 wt% which means that almost half of the initial niobium content 

has been absorbed by the residual phase and thus, its precipitation effect during aging is 

almost halved. Also, high boron content can be seen in the analysis of the residual phase, 

though it had a very low content in mini-melts (<0.001 wt%). Boron is recognized as a highly 

active element in substitution for nitrogen and carbon even at very low concentration 
[13]

, so it 

can be suggested that almost the whole boron content of alloys, though too low, has dissolved 

in the niobium carbonitride phase. 

The average grain size of the solution annealed samples was estimated in the range 96–129 

µm (Table 4.4) using ASTM E112 standard. This range of grain size is at least twice of the 

common standard grain size for commercial 20-25 alloy products such as SH/RH tubes 
[50]

. 

Some reasons for this grain enlargement can be suggested as slow solidification of the mini-

melts in refractory crucibles, a long hot forging process at 1200 ºC which might have caused 

grain growth and no cold working during the process. 

Table 4.4. Estimated average grain size of the solution annealed samples using ASTM E112 

Sample No. Average grain size (μm) 

5-V 

 

129 

7-Nb 101 

10-VNb 108 

11-VNbN 96 

With respect to the fact that the niobium-rich residual phase has always been observed in 

niobium stabilized 20-25 alloys 
[12, 28, and 31]

, in order to avoid further grain growth the solution 

annealing was not redone at higher temperature for complete dissolving of the residual phase. 

4.1.3 Catastrophic oxidation 

Samples 10 and 11 suffered complete catastrophic oxidation at aging temperatures 800 and 

850 ºC. As discussed earlier, molybdenum and vanadium have low melting point oxides 

which can cause catastrophic oxidation under unfavorable conditions. In the case of 

molybdenum one of the conditions for catastrophic oxidation of stainless steel has been found 

as stagnant aging atmosphere 
[51]

. To try to eliminate this condition a sample was aged inside 
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a tube furnace at 800 ºC with some internal air flow. After 200 h aging this sample was also 

found to be catastrophically oxidized. Since the other available ways to seal the samples and 

safely age them at 800 and 850 ºC were time-consuming and also the time and material was 

limited, it was decided to proceed with remaining samples. Therefore, at aging temperatures 

above 700 ºC only samples 5-V and 7-Nb were available to be examined. 

4.2 Optical microscopy 

The used etching method (35 sec in V2A at 50 ºC) revealed grain and twin boundaries, 

precipitates on these boundaries and also fine intragranular precipitates. Figure 4.3 illustrates 

some microstructures of etched samples. 

 

  

Figure 4.3. Microstructure of samples after 500 h aging, etched in V2A at 50 ºC for 35 sec. (a): 

sample 5-V with precipitates on grain boundaries (1), twin boundaries (2, 3) and interior grains (dark 

dots in the matrix). (b): sample 5-V aged at 850 ºC, coarsened precipitates are arrowed. (c): sample 7-

Nb aged at 800 ºC and (d): sample 10-VNb aged at 700 ºC where the residual phases are arrowed. 

In microstructure (a) of Figure 4.3 for sample 5-V aged at 700 ºC, precipitates on grain 

boundaries, coherent and incoherent twin boundaries and within grains are visible. In (b), 

(Sample 5-V aged at 850 ºC) had coarsened grain boundary precipitates which are pointed by 

a b 

c d 
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red arrows. In sample 7-Nb aged 500 h at 850 ºC (microstructure c) grain/twin boundary 

precipitates are coarsened and their surrounding regions are precipitate free. Also residual 

phases pointed with red arrows are present. In microstructure (d) for sample 10-VNb aged at 

700 ºC, residual phases are pointed with arrows and the typical grain/twin boundary 

precipitates as well as intragranular particles can be seen. Since a high resolution FE-SEM 

was also available for microstructural study, the use of optical microscopy was mostly limited 

to the sample preparation process where a quick verification of the microstructure was 

necessary; e.g. after solution annealing and etching. 

4.3 Scanning electron microscopy 

The FE-SEM had several detectors to be used for imaging. Figure 4.4 shows the SEM image 

of sample 5-V, aged 500 h at 700 ºC, taken by different detectors.  

  

 

Figure 4.4. SEM image of sample 5-V aged for 500 h at 700 ºC using different detectors to image the 

same site; (a): SE (secondary electron) detector, (b): high efficiency In-lens SE detector, (c): EsB 

(energy selective back-scattered electron) detector and (d): AsB (angle selective backscattered 

electron) detector. In-lens SE detector (b) gives the highest contrast with the maximum number of 

resolvable second phase particles. 

a b 
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It can be seen in Figure 4.4 that the In-lens SE detector (micrograph b) gives the highest 

contrast with the maximum number of resolvable second phase particles (a bit better than 

micrograph (c) by EsB detector). The EsB detector provides high resolution contrast 

especially at low voltage; while AsB detector is used for compositional and crystal 

orientation imaging 
[46, 47]

. Therefore, SEM imaging was done using the In-lens SE detector. 

Figure 4.5 shows SEM image of sample 5-V aged 500 h at 700 ºC. In comparison to the 

solution annealed state (Figure 4.2-a) the second phase particles have precipitated on 

different sites with varying morphologies. The precipitates could be generally divided into 

three groups in terms of their formation site and in the order of decreasing in size: precipitates 

on grain boundaries, those on twin boundaries and precipitates located in the interior of 

grains. As it can be seen in the micrograph, grain boundary precipitates (pointed as 1) have 

sizes mostly in the range 0.5–1 µm and are either separate particles or connected strings. 

 

Figure 4.5. SEM microstructure of sample 5-V, aged at 700 ºC for 500 h containing three groups of 

precipitates; (1): grain boundary precipitates, (2), (3) and (4): twin boundary precipitates on 

incoherent, vicinity of incoherent and coherent boundaries respectively and (5): intragranular aligned 

precipitates locating on the slip bands. 

The next group are twin boundary precipitates which have appeared in three forms: 

precipitates on incoherent twin boundaries (pointed as 2), plate-shaped precipitates starting 

from the incoherent boundaries and elongated parallel to the coherent boundaries (pointed as 

3) and also those formed along coherent boundaries (pointed as 4). This precipitation pattern 

on and in the vicinity of twin boundaries is typical in the microstructure of high temperature 

austenitic grades and can be frequently found in the literature 
[25, 35]

.  The precipitation on 

incoherent twin boundaries and in their vicinity starts earlier with faster growth rate; 
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however, precipitates on coherent and incoherent boundaries have been often found to be of 

the same type 
[25]

. Due to this fact and also the larger size of the incoherent twin boundary 

precipitates, they are mostly analyzed and commonly termed as “twin boundary precipitates” 

in this work.  

The third group, intragranular precipitates sizing below few hundreds of nanometer can be 

seen in this magnification as bright dots in the dark matrix. They are mostly located on the 

straight lines parallel to a certain direction within each grain (pointed as 5). These lines are 

recognized as the slip bands containing a group of slip planes where dislocations are aligned 

[25, 28, 36]
, providing high-energy sites for precipitates nucleation. This pattern of precipitation 

was common in all samples with aging temperature of 700 ºC. Figure 4.6 illustrates SEM 

image of sample 10-VNb aged at 700 ºC for 500 h where the letters represent particles of the 

above mentioned three groups: G, grain boundary precipitates; T, twin boundary precipitates 

and I, intragranular sub-micron precipitates. Also, the residual phase particles are denoted by 

R. 

 

Figure 4.6. SEM image of sample 10-VNb, aged 500 h at 700 ºC; G: grain boundary precipitates, T: 

twin boundary precipitates, I: intragranular aligned particles and R: residual phase particles 

The reason why the intragranular precipitates do not seem aligned in all grains refers to the 

effect of sectioning direction with respect to the slip bands direction which differs from one 

grain to another. Also there are always dispersed precipitates with no specific orientation 

relationship which nucleate randomly within the matrix in the locus of different defects. 

8 μm 

G 

I 

R 

T R 
G 



 

43 

 

At higher aging temperatures (800 and 850 ºC) a similar precipitation pattern was observed; 

however, grain and twin boundary precipitates had larger average size and more spherical 

shape compare to those at 700 ºC. Moreover, the surrounding regions of boundaries were free 

of the intragranular precipitates apparently due to the local depletion of alloying elements 

which have segregated into the coarse grain/twin boundary precipitates (Figure 4.7). 

 

Figure 4.7. SEM image of sample 5-V, aged at 800 ºC for 500 h; grain and twin boundary precipitates 

(G and T respectively) are coarser and more spherical than those at 700 ºC. Precipitation free zones 

around grain/twin boundaries are obvious. Intragranular precipitates (I) are still oriented. 

In higher magnifications, the intragranular precipitates can be seen to have more well-defined 

shapes by increasing the aging temperature. This morphological change was more obvious in 

sample 5-V where cuboidal precipitates appeared by increasing the aging temperature from 

700 ºC to 800 and 850 ºC (Figure 4.8). 

  

  

Figure 4.8. (a): SEM image of sample 5-V aged 500 h at 700 ºC, few sub-micron precipitates have 

well-defined shapes (pointed by arrows); (b): SEM image of the same sample with 800 ºC aging 

temperature, sub-micron precipitates have well-defined shapes (mostly cuboidal). 
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4.4 Identification of precipitates using EDS microanalysis 

This section deals with the identification of micron-scale precipitates using EDS at the 

ordinary voltage of 20 kV. As mentioned earlier, EDS gives the chemical composition which 

is not necessarily enough for phase identification. Supplementary methods such as X-ray 

diffraction are usually needed for crystallographic study and by that, more reliable phase 

identification. Also, there is uncertainty in the obtained chemical composition from EDS 

because of possible interference between the analyzed precipitate and matrix within the 

interaction volume and also the effect of matrix and surface contamination on detection of 

light elements. Therefore, in this study the EDS quantitative analyses are categorized into 

different composition ranges in a way that each range is similar to a composition which is 

specified for a certain phase in the literature. In other words, the nearest phase composition 

from literature is suggested for each obtained composition range as the most probable phase. 

However, it should be added that this method has always some degree of uncertainty since 

only the compositional similarity is taken into account. Chemical compositions are given in 

the atomic percentage so that, the atomic ratio of the present elements can be easily obtained 

to facilitate the estimation of the possible chemical formula. 

4.4.1 M23C6 

As the most common precipitate in austenitic stainless steels, M23C6 carbide was expected to 

be found in the microstructure of aged samples. Figure 4.9 shows the SEM microstructure of 

sample 5-V, aged for 500 h at 700 ºC and the corresponding EDS spectra of the matrix and a 

grain boundary precipitate. The precipitates pointed as 1 (grain boundary), 2 (incoherent twin 

boundary) and 3 (around the dark phase inclusion) were suggested to be M23C6 carbides. The 

EDS spectrum of the grain boundary precipitate (b) can be compared with that of the matrix 

(c) where the chromium Kα peak has intensified in spectrum (b) accompanied by the 

appearance of carbon peak and strengthening of molybdenum Lα peak relative to the matrix 

spectrum (c). The resulted quantitative analysis of the above particles is given in Table 4.5. 

Table 4.5. Quantitative analysis of three analyzed precipitates pointed as 1, 2 and 3 in Figure 4.9. 

Analyzed site 
Atomic% of detected elements 

C Si V Cr Mn Fe Ni Cu Mo 

Grain boundary 18.6 1.3 0.5 39.9 1.8 24.0 10.3 1.0 2.8 

Twin boundary 15.0 1.8 0.9 29.6 — 30.4 18.2 2.1 2.0 

Around inclusion 17.9 1.5 0.6 33.6 2.5 28.0 13.3 1.0 1.4 
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Figure 4.9. (a): SEM microstructure of sample 5-V, aged at 700 ºC for 500 h (a): M23C6 precipitates 

on grain boundary (1), twin boundary (2) and around the inclusion particle (3); EDS spectrum of 

grain boundary carbide (b) and that of the matrix (c) at 20kV accelerating voltage. 

Although the composition of M23C6 carbide is not exactly specified in the literature, its 

chromium content is often reported above 50 at% 
[13, 30]

 and thus, the above measured 

chromium contents are lower than its common level in M23C6. Also, the atomic percentage of 

carbon is lower than its level in M23C6 formula which is (
 

2 
× 100) or ~20.7%. With respect 

to the size of the precipitates in Figure 4.9, varying in the approximated range of 0.5–1.5 μm 

(larger dimension), some interference between the interaction volume (~1 μm spatial 

resolution at 20 kV, section 2.6) and the matrix can be expected when the precipitates were 

being analyzed. Therefore, the resulted analysis for precipitates could have slightly shifted to 

that of the matrix in different degrees depending on the size of the particle. Moreover, matrix 

effect which is considerable for low energy X-rays of carbon, may result in lower analyzed 

carbon content than its actual concentration. So these precipitates can be most probably 

M23C6 carbides. 

The same analysis on other samples aged at 700 ºC suggested that M23C6 carbide was the 

dominant precipitate, mostly forming on grain/twin boundaries. M23C6 was also found in 

higher aging temperatures (samples 5-V and 7-Nb) but in less number. Table 4.6 gives the 

obtained compositional ranges for precipitates suggested being M23C6 carbides in all samples 

with the number of observed precipitates over the total analyzed particles. All precipitates 

1 
3 

2 

a b 

c 
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keV 
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were located on grain and twin boundaries and only the important constituent elements of 

M23C6 carbide (C, Si, Cr, Fe, Ni and Mo) are given in the table. 

Table 4.6. Compositional ranges of the precipitates suggested being M23C6 carbides with the number 

of observed precipitates over total number of analyzed particles 

Sample 
Atomic % range Number/ 

total 

analyzed C Si Cr Fe Ni Mo 

5-V at 700 ºC 

700 ºC 

14.6-32.0 0.9-2.5 28.4-40.5 24.0-42.9 10.3-19.6 1.4-2.8 31/55 

 7-NB at 700 ºC 

700 ºC 

13.9-28.4 0.8-2.3 26.6-39.2 28.3-41.0 12.2-20.4 1.0-3.1 26/36 

10-VNb at 700 ºC 15.5-25.4 0.6-2.0 29.7-41.2 27.5-40.9 12.3-18.1 1.3-2.1 18/42 

11-VNbN at 700 ºC 16.8-24.0 1.1-1.9 28.9-42.5 29.3-38.7 11.6-17.5 1.3-2.7 23/44 

5-V at 800 ºC 19.4-30.9 1.5-3.0 32.0-46.6 19.7-24.3 9.4-12.2 2.8-4.5 5/33 

7-Nb at 800 ºC 

 

16.7-32.4 0.9-2.7 30.8-44.2 20.1-30.2 10.3-13.5 2.2-3.6 15/39 

5-V at 850 ºC 18.9-26.8 1.7-3.8 31.7-48.6 14.0-23.7 8.3-10.9 1.9-3.9 5/31 

7-Nb at 850 ºC 

 

16.2-28.0 0.8-3.6 34.9-49.3 21.1-32.0 13.3-16.1 2.1-3.7 6/23 

It can be seen that the fraction of M23C6 carbides in sample 5-V reduces significantly from 

56% at 700 ºC to 15% at 800 ºC but remains almost constant at higher aging temperature 

(16% at 850 ºC); meanwhile, in sample 7-Nb it exhibits a continuous reduction from 72% at 

700 ºC to 38% at 800 ºC and 26% at 850 ºC. Precipitates with composition of M23C6 also 

have high fraction in samples 10-VNb and 11-VNbN (43% and 52% respectively) suggesting 

that M23C6 is the dominant precipitate at 700 ºC. At higher aging temperatures, though with 

lower fraction, carbides have been enriched with chromium, silicon and molybdenum which 

is in agreement with the literature 
[13]

. When comparing samples 5-V and 7-Nb, the relatively 

higher fraction of M23C6 carbides in sample 7-Nb can be addressed to the different effects of 

stabilizing elements (vanadium and niobium). In sample 7-Nb incomplete dissolving of 

niobium due to the existence of residual phases prior to the aging (discussed in section 4.1.2), 

might have led to the insufficient stabilizing and consequently higher fraction of carbide. 

Whereas, in sample 5-V with no residual phase (complete dissolving of vanadium prior to the 

aging) higher degree of stabilizing has occurred resulting in lower level of free carbon atoms 

and consequently lower fraction of M23C6 carbide. 

4.4.2 Silicon-rich eta (η) phase 

A group of carbides containing over 4 at% silicon and less carbon content than its level in 

M23C6 were observed with relatively high fraction in all samples on the same sites as M23C6. 
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Figure 4.10 shows three of the analyzed precipitates of this type in sample 5-V, aged 500 h at 

800 ºC and the corresponding EDS spectrum of one analyzed particle. 

 

Figure 4.10. (a): SEM image of sample 5-V aged 500 h at 800 ºC, precipitates identified as eta (η) 

phase in association with M23C6 carbides. (b): EDS spectrum of one eta phase having strong peaks of 

Si, Mo and Cr. 

In the above EDS spectrum, presence of carbon peak in association with relatively intense 

silicon, chromium and molybdenum peaks suggests that the analyzed particle can be silicon-

containing carbide or eta phase (η). Similar precipitates were found in all samples with 

compositional ranges given in Table 4.7. 

Table 4.7. Compositional ranges of precipitates suggested being silicon-rich eta phase with the 

number of observed precipitates over the total number of analyzed particles 

Sample 
Atomic % range Number/ 

total 

analyzed C Si Cr Fe Ni Mo 

5-V at 700 ºC 

700 ºC 

4.4-16.3 3.8-15.7 26.1-41.7 13.5-20.5 9.4-19.2 3.0-7.6 14/55 

 7-NB at 700 ºC 

700 ºC 

3.9-11.6 4.61-8.0 25.5-38.1 33.4-38.0 20.4-23.1 2.2-3.7 4/36 

10-VNb at 700 ºC 5.3-14.1 3.5-8.3 26.7-41.0 26.5-35.0 15.7-21.3 1.8-5.7 16/42 

11-VNbN at 700 ºC 4.4-18.3 3.8-7.2 23.4-31.9 20.0-39.8 16.7-22.7 1.7-3.3 15/44 

5-V at 800 ºC 5.9-21.7 4.7-20.4 26.1-46.7 13.3-30.7 9.7-20.1 3.8-7.9 15/33 

7-Nb at 800 ºC 

 

4.8-23.4 6.7-12.1 27.4-44.7 11.6-28.3 9.3-24.6 4.2-6.5 12/39 

5-V at 850 ºC 5.0-28.0 4.2-19.7 30.3-40.6 10.7-24.9 9.6-22.2 3.7-8.6 17/31 

7-Nb at 850 ºC 

 

6.4 4.6 28.5 37.6 19.4 2.8 1/23 

As it can be seen in Table 4.7, the composition of precipitates has large variation which is 

reported for eta phase in the literature 
[13, 28-30]

. In the general formula of M6C, carbon content 

is supposed to be 1/7 or 14.3 at%, whereas in the above compositions it has large variation 
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η 

η 
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4 μm 
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from 4 at% to even 28 at% (in sample 5-V at 850 ºC). But as mentioned earlier, EDS has low 

accuracy in analysis of light elements giving either lower content than its actual amount due 

to the matrix effect or higher because of surface contamination. With respect to the silicon 

content in excess of 4 at% and presence of carbon, regardless of its exact content, it can be 

suggested that the current precipitates are silicon-rich eta phase. The relatively high 

molybdenum content is also an evidence for eta phase due to the frequently observation of 

molybdenum containing eta phase 
[13, 28-30]

. Also, in samples 5-V and 7-Nb the average 

content of silicon, molybdenum and chromium as well as the fraction of eta phase increases 

with aging temperature which is in agreement with the literature 
[13, 28]

; except in sample 7-Nb 

at 850 ºC where, only one eta phase precipitate was found (in section 4.4.4 another type of 

carbide as the dominant precipitate in this sample is discussed). So, silicon-rich eta phase 

dominates precipitation at high aging temperatures by a fraction of 45% and 55% for sample 

5-V aged at 800 ºC and 850 ºC respectively and also 31% for sample 7-Nb at 800 ºC. 

An unclear feature of the above observed eta phase is the absence of nitrogen. In the literature 

[28-30]
, nitrogen is reported to be eta phase stabilizer with general formula M5SiN, but in the 

current analyses there was no sign of nitrogen; even though its content was relatively high in 

the alloys. This can be due to the low accuracy of high voltage EDS for detecting nitrogen. 

Also, accurate methods for quantitative measurement of carbon and nitrogen such as electron 

energy loss spectroscopy are required to determine the share of these two elements in 

composition of the observed eta phase. 

4.4.3 G-phase 

Another silicon-rich phase was observed having no signal of carbon in its EDS spectrum. The 

silicon content of this phase was fairly high, but in many cases lower than the specified level 

for G phase in the literature (24 at%). Since this phase was free of carbon with high silicon 

content, it may be possible to assume that it is G phase in its early stages of formation or a 

transient phase from earlier formed precipitates to G phase. Figure 4.11 shows SEM images 

of samples 5-V and 7-Nb aged at 850 and 800 ºC respectively for 500 h where precipitates 

pointed as “G” are suggested to be G phase. In the given EDS spectra, strong silicon peaks in 

the absence of carbon signal accompanying with intense molybdenum and chromium peaks 

show a silicon-rich composition which is not carbide. In spectrum (d) for sample 7-Nb, there 

is also intense peak of niobium Lα. This composition can be found in the literature 
[31]

 as G 

phase which forms from the initial NbC precipitate on grain boundaries, as a preferential site 

for G phase in 20-25 alloys. 
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Figure 4.11. SEM images of (a): sample 5-V aged 500 h at 850 ºC and (c): sample 7-Nb aged 500 h at 

800 ºC. Precipitates pointed as “G” are suggested to be G phase in association with M23C6 and eta 

carbides. (b) and (d): corresponding EDS spectra of “G” particles with no carbon signal, but strong 

peaks of silicon, molybdenum and chromium. In (d) niobium Lα is also present. 

Table 4.8 gives the compositional ranges of precipitates suggested to be G phase and the 

number of observed particle of this type over the total analyzed precipitates. In sample 7-Nb 

only at 800 ºC aging temperature this type of precipitate was found. 

Table 4.8. Compositional ranges of precipitates suggested being G phase with the number of observed 

precipitates over the total number of analyzed particles 

Sample 
Atomic % range Number/ 

total 

analyzed Si Cr Fe Ni Mo Other 

5-V at 700 ºC 

700 ºC 

14.7 30.9 25.6 21.0 4.1 2.2 V 1/55 

 10-VNb at 700 ºC 11.3-13.1 26.7-34.6 26.5-31.0 20.7-26.3 2.8-3.9 ─ 3/42 

11-VNbN at 700 ºC 10.0-13.8 25.3-29.6 28.0-33.8 21.4-26.5 3.0-3.3 1.7-2.4 V 2/44 

5-V at 800 ºC 13.0-18.1 27.2-40.1 12.1-20.8 19.1-27.7 4.1-7.0 2.8-6.0 V 6/33 

7-Nb at 800 ºC 

 

11.8-17.7 24.0-39.0 13.0-29.6 20.8-27.9 5.6-9.6 0.0-7.7 Nb 4/39 

5-V at 850 ºC 16.0-23.2 28.4-40.3 10.8-26.2 19.9-28.1 5.5-9.3 5.0-8.8 V 9/31 

c 

3 μm 
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G  
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The volume fraction of G phase has increased in sample 5-V with increasing the aging 

temperature accompanying with higher contents of silicon. This can support the above 

assumption that this phase can be a transient phase to from G phase; because higher aging 

temperature has facilitated the diffusion of atoms (especially silicon) and thus, a closer 

composition to the reported G phase in the literature (24 at% silicon) has been obtained. 

4.4.4 High-carbon carbide 

A carbide with extremely high carbon content and relatively high chromium was found in 

sample 7-Nb aged at 850 ºC. Figure 4.12 shows a number of analyzed precipitates of this type 

and a sample of corresponding EDS spectrum. 

  

Figure 4.12. (a): SEM image of sample 7-Nb aged for 500 h at 850 ºC, analyzed precipitates pointed 

as C contained high chromium and carbon contents. One M23C6 precipitate was also identified; (b): 

EDS spectrum of a precipitate of type C with intense chromium and carbon peaks. 

The EDS quantitative analysis of these carbides gave the compositional range as in Table 4.9. 

The carbon content is higher than that in common carbides (e.g. M23C6 and M6C); while 

chromium content has large variation with relatively high upper limit. 

Table 4.9. Composition range of high-carbon carbides in sample 7-Nb aged 500 h at 850 ºC 

Atomic % range Number/ 

total 

analyzed C Si Cr Fe Ni Mo Nb 

26.3-40.1 0.0-0.8 39.5-61.0 9.4-27.9 2.9-10.4 2.1-4.0 0.0-2.3 14/23 

 
High-carbon carbides such as M7C3 and M5C2 are not probable to form in the current alloy 

since they usually need very high concentration of carbon, e.g. in carburized steel. One 

suggestion is that the observed carbides are M23C6 where extremely high carbon content is 

due to the effect of contamination on the EDS analysis. The other probable case is that the 

niobium-containing carbides are M23C6 which has formed around the initial NbC particles on 
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grain boundaries; so that higher carbon content in association with some niobium have been 

detected by EDS. 

4.4.5 Sigma phase 

Very few particles situated on grain boundaries of sample 7-Nb aged at 700 and 800 ºC were 

found to have a sigma phase-like chemical analyses (Table 4.10); even though the aging time 

was limited to 500 h. The main evidences supporting the suggestion of sigma phase were the 

absence of carbon, low silicon content and some manganese segregation into the particles. 

Table 4.10. Chemical composition range of precipitates suggested to be sigma phase; observed on 

grain boundaries of sample 7-Nb aged at 700 and 800 ºC with number of particles of this type over the 

total analyzed precipitates 

Aging 

temperature 

Atomic % ranges Number/ total 

analyzed 
Si Cr Mn Fe Ni Mo 

700 ºC 2.0 31.8 1.6 44.5 15.3 3.1 1/36 

 800 ºC 1.7-2.1 36.0-41.5 1.5-2.0 37.6-42.5 11.9-15.1 3.8-5.9 3/39 

With respect to the fact that sigma phase forms in long-term aging and also very few particles 

of this type were observed, it can be argued that formation of this phase has been limited to 

few sites with local equilibrium condition for precipitation of sigma phase. 

4.4.6 Intragranular sub-micron precipitates 

The intragranular sub-micron precipitates were firstly analyzed by EDS at ordinary 20 kV 

voltage. One analyzed site and resulted EDS spectra are shown in Figure 4.13 with the 

corresponding quantitative analysis as given in Table 4.11. It can be seen that some 

segregation of niobium and chromium has occurred from the matrix to the precipitates (also 

very little for vanadium and silicon); but this compositional information is not enough to be 

able to identify the precipitates.   

Table 4.11. Quantitative analysis (atomic%) of two sub-micron particles in sample 11-VNbN aged 

500 h at 700 ºC pointed as 1 and 2 in the SEM image of Figure 4.13 and that of the matrix 

Site Si V Cr Fe Ni Cu Nb Mo Other 

1 0.9 1.1 25.5 43.9 21.3 2.9 4.2 — — 

2 1.1 1.2 23.5 44.4 22.8 2.8 2.2 1.5 0.5 Mn 

Matrix 0.7 0.8 21.7 47.7 24.3 2.9 — 1.3 0.7 Mn 

The minor compositional difference between particles and the matrix is due to the 

interference of the relatively large interaction volume at 20 kV voltage (~1 μm) with matrix 
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when fine particles are being analyzed (~160 nm and ~100 nm in this case). Also, no light 

element (e.g. carbon and nitrogen) were detected although they are expected to be present in 

the sub-micron precipitates. This is due to the matrix effect in absorption of low energy X-

rays of light elements having long escape path. Because of these uncertainties a lower voltage 

(5 kV) was used to identify sub-micron precipitates. 

 

 

Figure 4.13. (a): sub-micron precipitates in sample 11-VNbN aged 500 h at 700 ºC; EDS spectra of 

(b): matrix, (c): precipitate 1 contains niobium Lα peak but neither carbon nor nitrogen and (d): 

precipitate 2 with less intense niobium Lα peak but again no carbon or nitrogen. 

4.5 Low voltage EDS for identification of sub-micron precipitates 

In order to characterize the sub-micron precipitates, low voltage EDS was carried out to have 

adequate spatial resolution relative to the size of particles. The same particles which were 

found impossible to be identified at 20 kV (Figure 4.13, section 4.4.6) were re-analyzed, this 

time using 5 kV accelerating voltage. The resulted EDS spectra, as can be seen in Figure 

4.14, showed a substantial increase in the information taken from the particles compare to 

that at 20 kV. The shape of EDS spectra changes significantly from the matrix to the 

precipitates: the intensity of iron and nickel Lα peaks decreases by several orders of 
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magnitude, strong niobium Lα peaks appear, as well as vanadium Lα peak (broadening of 

chromium peak especially in spectrum c) and also Kα peaks of boron, carbon and nitrogen 

are quite resolvable. 

 

Figure 4.14. EDS spectra of sample 11-VNbN aged 500 h at 700 ºC using 5 kV accelerating voltage; 

(a): matrix, (b) and (c): sub-micron precipitates pointed as 1 and 2 respectively in Figure 4.13 where 

intense niobium Lα peak as well as K lines of light elements (carbon, boron and nitrogen) are present. 

The corresponding quantitative analysis in Table 4.12 shows that the segregation of alloying 

elements (e.g. niobium and vanadium) from matrix to the precipitates is several times higher 

than that in Table 4.11 for the high voltage analysis. Also, enrichment by carbon and 

presence of nitrogen and boron are new information from the particles that reveals their full 

composition showing that both are carbonitrides with different contents of niobium, 

vanadium, chromium, iron, nickel and boron. However, in low voltage EDS some elements 

with lower contents such as copper and molybdenum have not been detected and also a 

carbon peak in matrix spectrum is always present due to the contamination effect. 

Table 4.12. EDS quantitative analysis (wt%) of sub-micron precipitates in samples 11-VNbN aged 

500 h at 700 ºC marked as 1 and 2 in Figure 4.13 and that of the matrix 

Site C N Si V Cr Fe Ni Cu Nb Mo Other 

1 4.9 5.1 — 5.7 31.1 15.7 5.6 — 29.0 — 2.8 B 

2 5.4 1.8 — 8.8 25.8 32.2 17.1 — 8.9 — — 

Matrix 1.6 — — — 21.9 49.8 26.8 — — — — 

From the above comparison between high and low voltage EDS analyses of the same site, 

low voltage EDS has lots of advantages over the high voltage in qualitative analysis by 

improving the spatial resolution and also revealing of the light elements. However, the 

quantitative analysis of low voltage EDS is controversial due to some problems such as a 

constantly present carbon peak in all spectra and no detection of other alloying elements such 

as copper, molybdenum and silicon. 

a b c 

keV keV keV 
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The drawbacks of low voltage EDS are discussed later in detail (section 4.7.2), but here it 

should be mentioned that low voltage EDS had a poor accuracy in quantitative analysis and 

thus, for identification of sub-micron precipitates the qualitative analysis has only been used. 

Indeed, by comparing the EDS spectra of precipitates and that of the matrix the segregation 

of alloying elements from the matrix to the precipitates has been observed and used as the 

main indication for phase identification. In section 4.7 some aspects of low voltage EDS 

quantitative analysis are also discussed. Following types of sub-micron precipitates were 

observed in the aged samples by EDS microanalysis at 5 kV accelerating voltage. 

4.5.1 Residual phase sub-micron particles 

As mentioned earlier (section 4.1.2), residual phase sub-micron particles were observed in the 

microstructures of all niobium-containing samples after solution annealing, having no 

particular formation site. It was necessary to identify the residual particles to avoid confusing 

them with precipitates formed under aging. For this purpose a number of sub-micron residual 

particles were analyzed in the unaged state of niobium-containing samples. The result 

showed that the majority of residual particles were niobium-rich nitrides. Figure 4.15 shows 

two analyzed residual phase sub-micron particles and their corresponding EDS spectra. 

 

 

Figure 4.15. (a): SEM image of two sub-micron residual particles in solution annealed state of sample 

11-VNbN; EDS spectra of (b): matrix, (c) and (d): particles 1 and 2, respectively with intense niobium 

Lα peak as well as K lines of boron and nitrogen. EDS was at 5 kV accelerating voltage. 
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It can be seen in the SEM image that the residual sub-micron particles have well-defined 

shapes (close to cuboidal). The spectra show that almost no carbon enrichment has occurred 

in the particles; unlike niobium, nitrogen, boron and vanadium which have highly segregated 

from the matrix to the particles. The quantitative analysis (Table 4.13) verifies this niobium-

rich nitro-boride composition. 

Table 4.13. EDS quantitative analysis (wt%) of sub-micron residual particles in sample 11-VNbN 

denoted as 1 and 2 in Figure 4.15 and that of the matrix 

Site B C N Si V Cr Fe Ni Cu Nb Mo 

1 3.2 1.5 9.0 — 7.1 32.6 7.9 2.5 — 36.2 — 

2 6.2 1.9 8.0 0.3 10.2 31.5 6.2 1.0 — 34.7 — 

Matrix — 1.3 — — 1.5 23.4 45.9 24.2 1.9 — 1.8 

The composition of matrix is not accurate (e.g. the presence of carbon and relatively high 

vanadium and chromium contents; discussed later in section 4.6), but its difference from the 

composition of particles suggests that no silicon, copper or molybdenum and very low 

(almost negligible) amounts of carbon and nickel are present in the sub-micron residual 

particles. Almost all analyzed particles of this type in other niobium-containing samples had 

similar morphology, EDS spectrum and chemical analysis as given above. This can be a 

guideline when analyzing the sub-micron precipitates in aged samples to indicate whether a 

particle is residual or has formed during aging. For instance, particle 1 in Table 4.12 has a 

close composition to that of the above residual particles suggesting that it could be a residual 

particle which has dissolved some carbon and also some substituted iron and nickel during 

aging.  

4.5.2 Niobium-rich carbonitride and nitride 

A high number of niobium-rich carbonitride precipitates were present in all aged niobium- 

containing samples. Figure 4.16 shows three analyzed sub-micron precipitates in sample 7-

Nb, aged 500 h at 700 ºC using 5 kV voltage and their corresponding EDS spectra. 

Segregation of niobium, carbon and nitrogen from matrix to the particles can be seen when 

comparing their spectra. It can be inferred from the peak intensities that particle 3 has the 

highest contents of niobium, nitrogen and carbon. The carbonitride composition in 

association with well-defined cuboidal shape is similar to the characteristics of Nb(CN) 

precipitates 
[13]

; however, this is just a morphological and compositional similarity. For a 

certain judgment whether the analyzed particles are Nb(CN), it is also required to determine 

their exact chemical formula and also crystallographic structure. The latter was not in the 



 

56 

 

scope of this work and the exact formula was impossible due to poor accuracy of low voltage 

EDS quantitative analysis. 

 

  

Figure 4.16. (a): sub-micron precipitates in sample 7-Nb aged 500 h at 700 ºC. (b): EDS spectrum of 

the matrix giving Fe, Cr, Ni and C peaks; (c), (d) and (e): EDS spectra of precipitates 1, 2 and 3, 

respectively all giving niobium Lα peak and also carbon and nitrogen K peaks. Boron peak intensifies 

gradually from spectrum (c) to (e). 

The same analysis was carried out on sample 7-Nb aged at higher temperatures. At 800 ºC 

much less number of shapeless particles were observed; instead, high number of cuboidal 

particles was present with nearly similar compositions to those at 700 ºC (containing both 

carbon and nitrogen). In contrast, sample aged at 850 ºC had almost no shapeless particle 

where the majority of observed precipitates were cuboidal. For the latter sample, as it can be 

seen in Figure 4.17, in the EDS spectra of precipitates 4 and 5 (typical for all cuboidal 

particles) the intensity of carbon peak remains constant from matrix to the precipitates 

suggesting that the particles didn’t contain carbon anymore; whereas nitrogen has resolvable 

intense peak. Also substituted chromium, iron and nickel and dissolved boron are still 

present. These changes in the morphology and composition of niobium-rich precipitates from 

700 ºC to 800 and 850 ºC aging temperatures show that they mostly have carbonitride 
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composition below around 800 ºC, but at higher aging temperatures, e.g. 850 ºC, niobium-

rich nitride is the preferential phase forming with sharply defined cuboidal shape. 

 

  

Figure 4.17. (a): Cuboidal sub-micron precipitates in the SEM image of sample 7-Nb aged 500 h at 

850 ºC; EDS spectra of (b): matrix, (c) and (d): precipitates 4 and 5, respectively. The intensity of 

carbon peak in the spectra of precipitates is almost equal to that of the matrix. 

Furthermore, with respect to the similar EDS spectra and morphology of these niobium-rich 

precipitates and that of the sub-micron residual particles (section 4.5.1) it can be suggested 

that they could have formed under similar condition. Also, due to very few number of 

observed sub-micron residual particles in the solution annealed state, it can be added that the 

upper temperature limit for the stability of cuboidal niobium-rich precipitates is close to the 

selected temperature for solution annealing, i.e. 1150 ºC. 

4.5.3 Vanadium-rich carbonitride and nitride 

In sample 5-V, with the same chemical composition as 7-Nb but containing vanadium instead 

of niobium, various vanadium-rich precipitates were found mostly with carbonitride and 

b a 4 

5 

c d 

200 nm keV 

keV keV 



 

58 

 

nitride compositions. Figure 4.18 shows an analyzed site in sample 5-V aged at 700 ºC with 

two analyzed sub-micron precipitates and the corresponding EDS spectra. 

 

 

Figure 4.18. (a): SEM image of sample 5-V aged 500 h at 700 ºC, sub-micron precipitates with no well-

defined shapes; EDS spectra of (b): matrix; (c), (d): precipitates 1 and 2 respectively, with vanadium Lα 

peak. In (c), compared to (b), the nitrogen peak is a bit stronger than the carbon peak and vice versa. 

At higher aging temperatures cuboidal precipitates were observed in higher number, mostly 

had a vanadium nitride composition with very little substitution of other elements. Figures 

4.19 shows two sites in sample 5-V aged at 800 ºC for 500 h analyzed with different EDS 

setups and the corresponding spectra of analyzed particles. 

The aligned precipitates in micrograph (a) of Figure 4.19 are clearly cuboidal. In spectrum 

(c), which was typical for all precipitates, neither chromium nor carbon was detected by the 

EDS analyzer whereas vanadium and nitrogen are the most intense peaks. This suggests that 

precipitates are vanadium nitride with little substituted iron and nickel. Almost the same 

result observed for precipitates 2 and 3 in micrograph (d); but with little dissolved carbon 

(spectra f and g). However, very few particles had a carbonitride composition like spectrum 

(h) where carbon and chromium peaks and a small, but resolvable nitrogen peak are present. 

These particles were mostly unorientated, shapeless and larger than the cuboidal ones. 
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Figure 4.19. (a) and (d): SEM images of sample 5-V aged 500 h at 800 ºC; (b) and (e): EDS spectrum 

of the matrix with carbon background; (c), (f) and (g): spectra of precipitates 1, 2 and 3, respectively 

giving intense vanadium and nitrogen peaks where the carbon peak is almost equivalent to the carbon 

background level in the matrix; (h): spectrum of particle 4 showing the carbonitride composition.  

All above observations can propose that the dominant precipitate at 800 ºC aging temperature 

of sample 5-V was vanadium nitride with a characteristic cuboidal shape containing almost 

no dissolved carbon (if any, very little) and much lower amounts of substituted elements like 

iron, nickel and chromium compared to the vanadium carbonitrides at 700 ºC. This type of 

precipitate was also frequently found in sample aged at 850 ºC (Figure 4.20). 

As it is shown in Figure 4.20, EDS spectra of precipitates 1 and 2 shows no carbon 

enrichment and thus they are vanadium nitrides with less amount of substituted elements than 

those in 800 ºC. Also, particle 1 with cuboidal shape seems to be purer than 2 which show the 

characteristic morphology of vanadium nitride at high temperature. Since the observed 

precipitates of this type were mostly aligned towards dislocation lying directions, then 
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increasing the density of dislocations (e.g. by cold work prior to aging) provides more 

preferential sites for nucleation of stable precipitates and thus higher strengthening effect. 

 

 

Figure 4.20. (a): SEM image of sample 5-V aged 500 h at 850 ºC, from aligned precipitates 1 is 

cuboidal; (b): matrix spectrum with carbon background; (c), (d) EDS spectra of precipitates 1, 2 

respectively with no intensified carbon peak showing vanadium nitride composition, (e): spectrum of 

precipitate 3 shows some carbon enrichment and thus a carbonitride composition. 

4.5.4 Copper-rich precipitates 

One main goal of the present work was finding the probable copper-rich nano-scale 

precipitates. From over 1000 spectra taken by low voltage EDS very few analyses (≤10) 

showed the presence of copper in sub-micron precipitates. Figure 4.21 shows one of the 

detected copper-rich precipitates in sample 5-V aged for 500 h at 700 ºC, where the particle is 

analyzed from two points resulting in the EDS spectra (d) and (e) which show copper 

enrichment. The copper-rich particle sizing around 100 nm is located among the aligned 

precipitates all with spectrum similar to (c) which was discussed earlier as vanadium-rich 

carbonitride. Also, no morphological difference can be seen between the copper-rich particle 

and the neighboring carbonitrides; which was a common feature for all detected copper-rich 

particles in other samples. By contrast, the copper-rich nano-scale precipitates in other studies 
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of 20-25 alloy have been observed with characteristic morphologies; for instance, round-

shape dispersed particles 
[21]

 or cluster-shape nucleating on dislocations 
[28]

, both sizing below 

50 nm even after 30 kh aging time 
[21]

. 

 

Figure 4.21. (a): Aligned precipitates in SEM image of sample 5-V aged at 700 ºC for 500 h. (b): 

matrix EDS spectrum; (c): spectrum of precipitate 1 showing a typical vanadium-rich carbonitride; 

(d) and (e): EDS spectra of copper-rich precipitate taken from two points (2 and 3) having intense 

copper Lα peak at ~0.93 keV just right to the nickel Lα 

This dissimilarity in combination with statistically very low number of observed copper-rich 

precipitates (≤1%) suggests that the current precipitates have formed under a restricted 

localized equilibrium condition rather than a regular homogenous one. Therefore, it can be 

argued that sub-micron copper-rich precipitates either have not formed under the applied 

aging condition or have formed but with no detectable signals in their EDS analysis. The 

latter can be more probable when considering the reported size for precipitates of this type in 

the literature 
[21, 28]

 to be below 50 nm which is at least two times smaller than the spatial 

resolution of the analysis at 5 kV voltage (~100 nm) and thus, particles become so difficult to 

be distinguished from the matrix. 

4.6 Limitations of low voltage EDS microanalysis 

Although using 5 kV voltage for EDS microanalysis provided better spatial resolution to 

identify sub-micron precipitates, there were limitations which affect the quality and extent of 

this application. Here the main problems are discussed. 
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Peak overlap 

Austenitic stainless steel has a compact region of L lines of its main matrix elements (iron, 

chromium and nickel) below 1 keV in the EDS spectrum. For alloys of the present study this 

region became more compact by L lines of alloying elements such as manganese, vanadium 

and copper, all in the range 0.5–1 keV. Since in low voltage EDS (e.g. 5 kV) all mentioned 

elements were detected on the reliance of their L lines, this high number of elements with 

close L lines decreased the accuracy of analysis due to inevitable peak overlaps. Table 4.14 

gives the characteristic L line energies of the present metallic elements in samples 10-VNb 

and 11-VNbN. 

Table 4.14. Photon energies of X-ray characteristic L lines for vanadium, chromium, manganese, iron, 

nickel, copper, niobium and molybdenum [47] 

Element V Cr Mn Fe Ni Cu Nb Mo 

Lα1 energy (keV) 0,511 0,573 0,637 0,705 0,851 

 

0,930 2,166 2,293 

Lα2 energy (keV) 0,511 0,573 0,637 0,705 0,851 

 

0,930 2,163 2,290 

Lβ1 energy (keV) 0,519 0,583 0,649 0,719 0,869 0,950 2,257 2,395 

Lβ2 energy (keV) — — — — — — 2,367 2,518 

It was mentioned before that the energy resolution (FWHM) of common EDS analyzers is 

around 100 eV for molybdenum Lα peak in the energy range below 3 keV. As it can be seen 

in Table 4.14 the energy differences between L lines of the adjacent elements are all less than 

100 eV except for Fe-Ni and Nb-Mo. Therefore, peak overlap is expected for the pairs V-Cr, 

Cr- Mn, Mn- Fe and Ni-Cu in the EDS spectrum. This problem is more serious when the 

content of elements in the analyzed region differs a lot; so that the element with low content 

may be missed in the analysis since its low intensity characteristic peak can be entirely 

hidden under the broadened peaks of the adjacent elements with much higher compositional 

contents. 

Low peak intensities and peak-to-background ratio 

X-ray generation is reduced by decreasing the beam energy; so for a given acquisition time 

lower accelerating voltage gives lower intensity peaks in the EDS spectrum. This 

consequently results in lower peak-to-background ratio (P/B) which increases the detection 

limit. Therefore, low-concentrated elements may be missed since their characteristic peaks 

may have too low intensity from being resolved from the background; even out of the above 

mentioned compact region, e.g. silicon (Kα=1.74 keV) and molybdenum (Lα=2.29 keV). To 
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get high enough intensities to detect such elements several times longer acquisition time must 

be used which contradicts the main advantage of EDS as a quick analysis.  

High sensitivity to contaminations 

Low voltage EDS is more sensitive to the specimen surface due to the smaller penetration 

depth of the beam electrons. Therefore, surface contamination can strongly affect the analysis 

by producing disturbing X-rays. Organic matters as the most common contamination are 

polymerized on the surface by beam bombardment. The main product is usually carbon 

which causes an increase in carbon Kα count 
[38]

. 

The above problems are demonstrated in Figure 4.22 showing an analyzed precipitate in 

sample 10-VNb aged 500 h at 700 ºC and the resulted EDS spectra at 5 kV voltage. 

 

 

Figure 4.22. (a): SEM image of sample 10-VNb aged 500 h at 700 ºC, the analyzed precipitate is 

pointed; (b): EDS spectrum of the matrix, R1 shows the energy resolution of chromium Lα, position 

of non-detected alloying elements are pointed on the energy axis; (c): EDS spectrum of the 

precipitate, R2 is the chromium Lα peak resolution, locus of vanadium and nitrogen peaks are marked. 

It can be seen that the width of chromium Lα peak at its half maximum increases from the 

matrix spectrum (R1) to that of the precipitate (R2) due to the presence of vanadium Lα (511 
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eV) just behind the chromium Lα peak (573 eV); but EDS analyzer has not detected 

vanadium due to the severe peak overlap and thus, proper deconvolution must be done to 

avoid missing of vanadium. The other problem is no detection of alloying elements such as 

manganese, copper, silicon and molybdenum. Manganese and copper had no chance to be 

detected since their characteristic L lines were always buried under the peaks of their adjacent 

elements (Cr, Fe and Ni) with much higher contents. Also, silicon Kα and molybdenum Lα 

had not enough intensity to be distinguished from the background. The same problem can be 

observed for nitrogen peak in the precipitate spectrum due to its low P/B ratio; however, a 

resolvable intensity rise at the locus of nitrogen Kα (391.4 eV) from ~35 counts in the matrix 

spectrum to ~75 counts in that of the precipitate shows nitrogen segregation. Regarding 

carbon Kα, it has been detected in both spectra with an intensity increase from ~70 counts in 

matrixes to ~115 counts in particle; however, carbon peak in the matrix spectrum produced 

by contamination is a major problem in quantitative analysis. 

4.7 Accuracy of low voltage EDS 

The above discussion shows a poor accuracy for low voltage EDS. The qualitative analysis 

has missed low concentrated elements in the matrix, e.g. molybdenum at 1.5 wt% and copper 

at 2.8 wt%. Also, nitrogen peak has been ignored in the precipitate spectrum due to its low 

P/B ratio. Subsequently, the quantitative analysis had low accuracy even after deconvolution 

of overlapped peaks.  Table 4.15 gives the corresponding quantitative analysis of the above 

discussed spectra with and without deconvolution. 

Table 4.15. Quantitative analysis (wt%) of the spectra in Figure 4.22 before and after deconvolution 

of overlapped peaks; the term “corrected” means after deconvolution 

Site C N Si V Cr Mn Fe Ni Cu Nb Mo 

Matrix 1.0 — — — 24.4 — 50.3 24.3 — — — 

Precipitate 2.7 — — — 27.0 — 39.6 20.6 — 10.1 — 

Corrected matrix 0.9 — 0.3 2.0 22.8 0.5 46.4 23.7 2.0 — 1.3 

Corrected precipitate 2.8 1.9 — 7.4 25.6 0.3 32.5 16.6 1.3 8.8 2.8 

Matrix at 20 kV — — 0.6 0.5 21.1 0.7 47.9 24.6 3.0 — 1.5 

The matrix analysis taken from high voltage EDS (20 kV) is also given as a relatively 

accurate one as reference. When comparing the initial matrix composition at low voltage with 

that at 20 kV (as reference) the high degree of deviation can be seen. By deconvolution of 

overlapped peaks to add the elements which are known to be present in the matrix, although 

the composition is slightly corrected towards the reference (e.g. the contents of copper, 
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molybdenum and silicon) but still has low accuracy. For instance, the given vanadium 

content (2.0 wt%) is obviously wrong which can be due to the overlap of vanadium and 

chromium Lα peaks. For precipitate, the initial analysis shows niobium, chromium and 

carbon enrichment; whereas deconvolution reveals also segregation of vanadium, nitrogen 

and molybdenum to the particle. As discussed earlier, the P/B ratio and subsequently the 

accuracy of EDS analysis may be improved at a given voltage by increasing the acquisition 

time. This was investigated by increasing the acquisition time from 25 s in the last analysis to 

100 s for analysis of other carbonitride precipitates in sample 10-VNb. Figure 4.23 shows the 

resulted EDS spectra in which more characteristic peaks than before have been automatically 

detected (e.g. N, V and Si) which means higher P/B ratio.  

 

Figure 4.23. EDS spectra of sample 10-VNb aged 500 h at 700 ºC analyzed at 100 sec acquisition 

time; (a) and (b): carbonitride sub-micron precipitates; (c): matrix; more characteristic lines are 

automatically detected (e.g. nitrogen, silicon and vanadium). 

Although the present peaks in the above spectra are not necessarily more resolvable than 

those in shorter acquisition time (Figure 4.22-c), for instance vanadium Lα from chromium 

peak, because of higher P/B ratio the analyzer has detected more number of characteristic 

lines without need of deconvolution; which means a more accurate analysis can be obtained. 

However, in longer acquisition time the effect of contamination in producing the background 

carbon peak was more serious. As it can be seen in the matrix spectrum (c) the relative 

intensity of carbon peak is much higher than that in the shorter acquisition time (Figure 4.22-

b) which can be explained by more polymerization of contaminations in longer beam 

bombardment (more carbon deposition on the surface). However, a part of the intense carbon 

peak in spectrum (c) is due to the sequence of analysis, where it was taken after spectra (a) 

and (b) and thus, some deposited carbon from the previous analyses had been present on the 

surface prior to the analysis of matrix. 
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In order to estimate the accuracy of low voltage EDS, the resulted quantitative analysis was 

compared with a full chemical analysis carried out by the Outokumpu steel- work laboratory. 

For this purpose, the solution annealed state of sample 5-V was used since it contained almost 

no residual phase and thus, had the most homogeneous composition. Table 4.16 shows the 

resulted average quantitative analysis of sample 5-V by low voltage EDS and that given by 

the laboratory. Light elements (carbon and nitrogen) were skipped due to the contamination 

effect on the low-energy region of EDS spectrum. The error (in %) of measured content for 

each element was calculated as a measure of accuracy using equation 4.1: 

 er en   rror (   ur   ) =
C         

    
× 100                                        .  .1 

Where CEDS is the content of the element given by low voltage EDS quantitative analysis and 

CLab is that given by the laboratory. 

Table 4.16. Average quantitative analysis (wt%) of sample 10-VNb in solution annealed state, the 

given analysis by the laboratory and accuracy of each measured content 

Element Si V Cr Mn Fe Ni Cu Mo 

Low voltage EDS 0.5 1.3 20.6 1.9 47.2 24.7 2.6 1.3 

Laboratory 0.7 0.4 20.2 1.0 48.1 25.2 2.8 1.5 

Accuracy (%) -29 220 2 88 -2 -2 -10 -17 

In comparison with the common accuracy of ±1% for EDS quantitative analysis at ordinary 

voltages 
[37, 38]

 it can be seen that the accuracy of EDS at 5 kV can be reasonable only for 

iron, chromium and nickel (main matrix elements) which is in the range ±2%. But the 

accuracy is quite poor for the measured contents of other elements; either higher than the 

accepted value due to peak overlap with high-content elements (e.g. for vanadium and 

manganese) or lower than the accepted value because of the low P/B ratio (e.g. for silicon and 

molybdenum) or lower than the accepted value, although there is peak overlap (for copper). 

4.8 Determining the spatial resolution of low voltage EDS 

The minimum particle size which is possible to be analyzed is an important feature of each 

analyzing system; particularly for SEM-EDS it is the main parameter determining the spatial 

resolution. Regardless of the theoretical way to estimate the minimum analysable particle size 

(e.g. by determining the size of the interaction volume) a practical method was used to 

determine this size and from that, evaluate the spatial resolution of the instrument used in the 

present work. For this purpose, a set of analyses was done on the precipitates sizing from a 
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few hundreds of nanometers to below one hundred nanometer at 5 kV accelerating voltage. 

Figure 4.24 shows the SEM image of the analyzed particles in sample 7-Nb aged 500 h at 700 

ºC and their corresponding EDS spectra. The precipitates are denoted with numbers 1 to 5 by 

the order of their size, starting from ~200 nm for particle 1 down to ~60 nm for number 5. 

The auto-identification mode of the analyzer was used to have a common criterion for all 

spectra. 

 

 

 

Figure 4.24. (a): SEM image of sample 7-Nb aged 500 h at 700 ºC with analyzed sub-micron 

precipitates sizing from ~200 nm (no. 1) to ~60 nm (no. 5); EDS spectra of (b):1, (c):2, (d):3, (e):4, 

(f):5 and (g):matrix. The last auto-identification of niobium Lα line occurred in (e). 
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It can be seen that niobium Lα peak was automatically identified until precipitate 4 (spectrum 

e) sizing around 100 nm in the SEM image; however, in spectrum (f) at the locus of niobium 

Lα, peak is still distinguishable from the background (pointed by red arrow) but has not 

enough P/B ratio to be detected. Therefore, the minimum analyzable particle size can be 

suggested to be around 100 nm for the current instrument at 5 kV accelerating voltage. This 

amount has good agreement with the estimated size of the interaction volume as 11090 nm 

(section 2.6). The same experiments on samples 10-VNb and 11-VNbN gave almost the same 

result. Niobium containing precipitates were analyzed since niobium Lα line (2.167 keV) is 

clearly resolvable compared to that of the vanadium. 

In the literature 
[43, 54]

, niobium detection in the EDS spectra of niobium-rich precipitates has 

been frequently used as a criterion for determining the spatial resolution of low voltage FE-

SEM, where the minimum precipitate size in which the niobium Lα peak is detectable is 

recognized as the special resolution. Therefore, the above resulted minimum analyzable size 

can be suggested as the estimated spatial resolution of the FE-SEM used in the present work 

at 5 kV accelerating voltage. However, in this definition only the qualitative analysis is 

considered; i.e. distinguishing of the particle from the matrix has been defined as the criterion 

for indicating the spatial resolution of the instrument. 
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Chapter 5 

5 SUMMARY AND CONCLUSION 

The present work covered the whole process of sample preparation from melting to 

metallography plus an extensive EDS microanalysis. Although the original goal was 

precipitation study, low voltage EDS came to the focus from the middle of the work. 

The precipitate observation in different samples aged for 500 h at 700, 800 and 850 ºC can be 

summarized as Table 5.1. 

Table 5.1. Summary of precipitate observation in different samples aged for 500 h at 700, 800 and 

850 ºC with morphology, size and location of precipitates 

Sample 
solution 

annealed state 

Aging temperature (ºC) 
Morphology, size, location 

700 800 850 

5-V ─ 

M23C6 (+) 

 
M23C6 M23C6 globular/string/plate shape, 

0.5-1.5 µm, 

grain/ twin boundaries 

η phase η phase (+) η phase (+) 

G phase (-) G phase G phase 

V(CN) (+) V(CN) V(CN) (-) cuboidal above 800 ºC, 100-200 

nm, intragranular on slip bands ─ V(N) V(N) (+) 

7-Nb 

Nb(BCN) Nb(BCN) Nb(BCN) Nb(BCN) residual phase, globular, >1 µm, 

everywhere in the matrix     

 M23C6 (+) 

 
M23C6 M23C6 (+) 

globular/chain shape, 

0.5-1.5 µm, 

grain/ twin boundaries 

 η phase η phase η phase (-) 

 ─ G phase ─ 

 σ phase (-) σ phase (-) ─ 

 Nb(BCN) Nb(BCN) Nb(BN) cuboidal, 100-200 nm, 

intragranular on slip bands  Nb(CN) Nb(CN) Nb(N) 

10-VNb 

and 

11-VNbN 

Nb(BCN) Nb(BCN) 
  

residual phase, globular, >1 µm, 

everywhere in the matrix   

 M23C6 (+) 

 
  

globular/chain shape, 0.5-1.5 µm, 

grain/ twin boundaries 
 η phase   

 G phase (-)   

 Nb(BCN)   shapeless/cuboidal, 100-200 nm, 

intragranular on slip bands  Nb(CN)   

(+): Phase observed in high fraction (≥ 40% of the total analysed particles of the same morphology)  

(-): Phase observed in low fraction (≤ 10% of the total analysed particles of the same morphology) 
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Phase identification was done by comparing the obtained composition ranges from EDS and 

that in the literature to find the closest phase to each composition range. Therefore, there was 

always some degree of uncertainty in the phase identification. The micron-scale particles 

were analyzed by EDS at 20 kV; whereas for intragranular sub-micron precipitates low 

voltage EDS (at 5 kV) was used. In Table 5.1 precipitates with fraction of 40% and more are 

considered as the dominant phase and indicated by (+). Samples 10-VNb and 11-VNbN were 

available only for 700 ºC aging temperature and contained similar precipitates. Sigma phase 

was observed only in sample 7-Nb with very low fraction (< 8%). 

The intragranular sub-micron precipitates were niobium and vanadium-rich carbonitrides 

with high contents of substituted matrix elements; locating on slip bands as the preferential 

nucleation sites. With increasing the aging temperature from 700 ºC to 800 and 850 ºC 

carbon content of these precipitates decreased and simultaneously their shapes became more 

well-defined; so that in samples aged at 850 ºC most of the particles (especially vanadium-

rich phase) were cuboidal carbon- free nitrides. Very few copper-rich precipitates were found 

in different samples (less than 1% of total analyzed particles) with no characteristic 

morphology and formation site and thus, were considered as localized single precipitates and 

were not put in the above summary table. 

Besides the above precipitate observations, the following conclusions can be drawn from the 

rest of the study: 

1. The selected method for making mini-melts in the laboratory scale induction furnace had 

low reproducibility with poor control over the melting, alloying and deoxidization 

process. This increased the number of variables differing between samples such as alloy 

homogeneity, solidification structure and inclusion content, all affecting the precipitation 

process. 

2. EDS microanalysis using 5 kV accelerating voltage decreased the spatial resolution of 

analysis from ~1 µm in the ordinary 20 kV voltage to ~100 nm. Low voltage EDS also 

revealed the light elements such as carbon, nitrogen and boron in the composition of 

precipitates thanks to the less matrix effect in absorption of low energy X-rays of light 

elements. 

3. The drawbacks of low voltage EDS were indicated as peak overlap below 1 keV in the 

EDS spectrum, low P/B ratio, high sensitivity to contamination resulting in high 
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detection limit (no detection of low-content elements), poor accuracy of quantitative 

analysis and the continuous presence of a carbon background peak. 

4. Low voltage EDS was ideal for identification of niobium rich sub-micron precipitates 

since niobium Lα peak was well resolvable in the EDS spectrum; unlike vanadium Lα 

peak which had overlap with chromium Lα. Therefore, the low voltage EDS was not 

suitable for identification of vanadium-rich precipitates when vanadium content was not 

high enough to provide adequate P/B ratio to be resolved from chromium. 

5. Increasing the acquisition time provided better P/B ratio and more automatically detected 

characteristic lines in the EDS spectrum (improving the qualitative analysis). However, it 

increased the carbon background peak due to the increase in the contamination effect 

(deteriorating the quantitative analysis). 

6.  EDS at 5 kV was estimated to be almost 2.5 times less accurate than the common EDS 

analysis at high voltages for the main matrix elements (iron, nickel and chromium). Also, 

for other elements with lower content such as copper, molybdenum and silicon the 

accuracy was quite poor in the range ±30%. 

7. The spatial resolution of the instrument used for low voltage EDS was estimated as 100 

nm at 5 kV accelerating voltage which is at least eight times better than that using 20 kV. 

However, only qualitative analysis was taken into the account for this estimation. 
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6 FUTURE STUDIES 

When the effect of alloying elements on precipitation is being studied it is necessary to make 

the alloys with exactly similar process, including melting condition as well as mechanical and 

thermal process prior to the aging. This provides the same thermodynamic condition for 

precipitation process in all alloys and limits the variables to that of interest (here, alloying 

content). For the future works it is highly recommended that different alloys are made by the 

same melting process which is reproducible to avoid increasing the affecting variables on the 

precipitation such as degree of homogeneity, solidification structure and inclusion content. 

The alloys of this study can be aged for longer times in order to investigate the stability of 

observed precipitates in 500 h aging. Also, phases forming in long-term aging such as sigma 

phase and probably copper-rich nano-scale precipitates may be found in higher fraction when 

the aging time increases. Supplementary characterization methods can be used for 

crystallographic examination to verify the findings of this work. 

Regarding the low voltage EDS lots of possible settings in the SEM-EDS can be examined in 

order to find the optimum setup for the most accurate analysis. Factors such as probe current, 

size of aperture and accelerating voltage in SEM; and the acquisition parameters such as live 

time, process time and the resulted dead time in EDS analyzer should be optimized to get 

higher rate of X-ray generation, minimize the peak overlap and improve the P/B ratio. 

To minimize the contamination effect and subsequently weaken the carbon background peak, 

two possible ways are proposed. First, preheating the samples prior to the analysis in a proper 

temperature range to evaporate common organic contaminations (e.g. oils, breath products, 

Figure print, etc.) without detrimental effect on the sample; e.g. in the range of 100−150 ºC. 

The second way is to equip the SEM chamber with so-called cold finger which is specifically 

designed to absorb the polymerization products of contaminations and significantly decrease 

the amount of carbon deposition on the sample surface. 

The other suggestion is to use adequate standard samples for optimization of the EDS 

analyzer. In this work the optimization for all low voltage EDS analyses was done by using 

pure silicon; whereas for each element of interest, especially light elements, a standard 

sample containing that specific element should be used to improve the accuracy of analysis 

[38]
. For instance, when carbon is concerned a standard sample of Fe3C can be used for 

optimization; whereas for nitrogen analysis a nitrogen containing standard sample shall be 

used, e.g. chromium nitride. 
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