
DEGREE PROJECT FOR MASTER OF SCIENCE WITH SPECIALIZATION IN MANUFACTURING 

DEPARTMENT OF ENGINEERING SCIENCE 

UNIVERSITY WEST 

 
 
 
 

 
 
 
 
 

 
 
 
 

 

Precipitation of Carbides in a Ni-based 
Superalloy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sukhdeep Singh Handa  
 
  



 

 ii 

Summary 

 
Alloy B  is relatively new precipitation hardening superalloy. It´s applications are in the hot 
sections of the aero engines, rocket nozzles, gas turbines and in the chemical and petro-
leum applications. The alloy  is characterized by keeping high strength at elevated tempera-
tures and high creep resistance. It´s excellent mechanical properties and corrosion resis-
tance are due to the balanced amount of the coherent γ' matrix, combined with other alloy-
ing elements and carbides. 
 
There are three types of carbides which can be found in nickel-based superalloys: MC, 
M23C6 and M6C. Primary MC carbides act as source of carbon for the secondary carbides, 
which precipitate at the grain boundaries. They can have strengthening effect by hindering 
the movement of dislocations. 

 
In this work both simulation and experimental analysis are conducted  in order to investi-
gate the behaviour of the secondary carbides. JMatPro simulation is used to predict the 
behaviour of the material. Heat treatments are conducted at soak temperatures ranging 
from 920 °C to 1130 °C, with steps of 30 °C, and dwell times of 0.5, 1, 2 and 24 hours. 
Experimental methods included analysis at LOM, SEM, EDS, manual point counting and 
hardness tests. 
 
Main results show chromium rich M23C6 carbides are stable at lower temperature compared 
to molybdenum rich M6C. Both appear as fine and discrete particles at the grain boundaries 
at 1070 °C. This morphology is believed to be beneficial for the mechanical properties of 
the alloy. The volume fraction varies between 0.6 and 1.3%. Hardness values are relevant in 
the range of 920-1010 °C. Above this range there is sudden drop of the hardness. 
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1 Introduction 

Nickel based superalloys are used in hot structural parts of the aero engine, where the tem-
peratures can reach up to 1500 ºC. These temperatures are close to the melting point of 
these alloys. Usually, metals if heated, tend to lose their mechanical properties. Nickel 
based superalloys, some of which are precipitation hardened alloys, possess excellent creep 
strength, thermo mechanical fatigue properties, oxidation and corrosion resistance during 
service [1]. Other properties such as microstructural stability and low density are also re-
quired. High temperature is essential to achieve good efficiency of the aero engine. The 
development of the aero engine has induced increasing inlet temperature of the turbine, 
without increasing the weight or size of the engine [1]. A higher temperature enables more 
power to be extracted [1]. The strengthening mechanisms in these alloys are very complex, 
which mainly involve precipitation of intermetallic phases and carbides in the grains as well 
as at the grain boundaries. This makes the superalloys to one of the most complex materi-
als ever engineered. Figure 1 shows a jet engine disclosing different highlighted parts which 
are designed and manufactured by GKN Aerospace Sweden AB. 

 

 
Figure 1. High by-pass commercial aircraft engine. Source: GKN Aerospace. 

The metallurgy of these alloys is very complicated due the high number of the elements 
and phases present. Manufacturability of these alloys is very important to minimize defects 
as well as costs. Due to their high strength, these materials are difficult to work. This has 
challenged researchers and engineers to improve the manufacturability and to reduce the 
costs associated to it. The recent trend in the aerospace industry is to make “cheap” and 
lower strength components and to join them with more expensive and high performing 
ones by welding [2]. Heat treatments are commonly used in order to get particular me-
chanical properties, to relief residual stresses and to restore the microstructure of the alloy. 
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During these heat treatments different types of elements react to form new phases. Conse-
quently, it is of importance to understand the influence of e.g. precipitation and dissolution 
of secondary carbides during heat treatments and service since they have an important ef-
fect on the final properties of the alloy. 

1.1 Aim of the Thesis 

The project aims to investigate the precipitation of secondary carbides in Alloy B for dif-
ferent heat treatments. 
 
Alloy B is a γ’ nickel-based superalloy used at high temperature and in harsh corrosion en-
vironments. The role of the carbides is complicated in superalloys. Carbon rich primary 
MC carbides may decompose into the secondary M23C6 and/or M6C during heat treatments 
or service. This has an influence on mechanical properties depending on the size, location 
and morphology of the carbides [1]. Heat treatments are required to achieve adequate 
properties of the material and are a frequently performed in various  manufacturing proc-
esses such as forging, casting and welding [2]. 
 
The work carried out in the present thesis project includes a literature study in order to gain 
a comprehensive understanding of the subject. This includes what types of phase transfor-
mations one are to expect based on previous studies. The mechanisms of the carbide for-
mation are similar in nickel-based precipitation hardening alloys but the type of carbides 
and the temperature at which they form varies from alloy to alloy, due to the difference in 
composition. Modelling, using JMatPro, is therefore used to predict the behaviour of the 
material and as input for real heat treatments. A microstructural analysis is conducted to 
validate the simulations. 

1.1.1 Objectives (research questions) 

 
The main objectives to investigate are: 

 The dissolution temperature of secondary carbides. 

 The precipitation kinetics of the secondary carbides. 

 To estimate the volume fraction of the carbides at different soak temperatures and 

dwell times. 

 To investigate whether the hardness is affected by the carbides. 

1.1.2 Method 

 
Modelling with JMatPro is used to calculate TTT diagrams for Alloy B with a specific 
composition and to determine the precipitation as well as the dissolution temperatures of 
the secondary carbides. This is conducted in order to simulate and to predict the behaviour 
of the material, which can be used as guidance when performing real physical experiments 
or trials. So, the predicted data is used as input to the physical experiments. Based on the 
literature study (in particular Rene´41) and JMatPro results, the temperatures for the heat 
treatments were decided. JMatPro results were validated and more in depth studied by 
conducting real heat treatments followed by microstructural characterization using light 
optical (LOM) and scanning electron microscopy (SEM). 
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2 Phases and Microstructure 

Superalloys are based on nickel, nickel-iron or cobalt and they may be divided into three 
main groups, based on their strengthening mechanisms. These are solid solution strength-
ening, precipitation strengthening and oxide dispersion strengthening [2]. They serve well 
in applications exposed to high temperature and corrosive environments as often faced in 
aerospace and land based gas turbines, chemical as well as offshore industries. 
Precipitation hardening alloys require a solution heat treatment above the solvus tempera-
ture T1 of the strengthening phase (see Figure 2). This is required to dissolve the specific 
secondary phase. Subsequently, the alloy is quenched to a lower temperature T2. The rea-
son of the rapid cooling is to maintain a supersaturated solid solution at ambient tempera-
ture and to avoid the formation of the secondary phase. Finally, the material is heat treated 
or aged at an intermediate temperature (T3), where small and fine precipitates in the grains 
and/or at grain boundaries forms. 
 

 
Figure 2. Schematic representation of a phase diagram and the corresponding mi-

crostructure evolution during the solution heat treatment and the ageing procedure.  

Every time there is a phase transformation, it involves the formation of small nuclei in the 
matrix and further growth of these particles. This can be divided in two separate phases; 
nucleation and growth. 
 
The total free energy change for a solid state transformation is related to the reduction of 
volume free energy due to liquid-solid transformation and to the energy required to create a 
new surface. This is represented by the following expression: 
 

ΔG=
 

 
                 [3] 
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Where r represents the radius of the particle being formed, ΔGv is the volume free energy 
and γ is the surface free energy. 
 
The nucleation occurs when the activation barrier ΔG* has been exceeded so there is less 
driving force for a stable radius. There are two expressions for ΔG*, one for homogeneous 
and another one for heterogeneous nucleation, respectively: 
 

ΔG*hom= 
     

       
                  [3] 

 

ΔG*het= 
       

       
             [3] 

 
The first equation describes the activation free energy required for the formation of a stable 
nucleus when the nucleation occurs throughout the phase, which is the case of homogene-
ous nucleation (gamma prime). In the heterogeneous nucleation, nuclei form at structural 
inhomogeneties, grain boundaries and dislocations. In this case the activation free energy 
depends on the shape factor S(θ), which has value between 0 and 1 [3], of the nucleus being 
formed. To notice in Figure 3 that the activation energy is lower for heterogeneous nuclea-
tion. The precipitates tend to form at the grain boundaries because they are at higher free 
energy state compared to the grains. This means when nucleation occurs at grain bounda-
ries the system can lower its energy and accommodate easily the strains due to the for-
mation of the new interfaces.  
 

 
Figure 3. Curves showing free energy versus radius for homogeneous and heteroge-

neous nucleation. 

Once the nuclei are stable they start to grow due to the difference of concentration be-
tween the precipitates and the matrix. This leads to γ’ former elements to diffuse from the 
matrix to the precipitates, which grow until they reach a certain thickness. Long exposure 
times at high temperatures can lead to coarsening of the grains and consequently to degra-
dation of the mechanical properties and reduce the life of the material. Coarsening reduces 
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the coherency between the precipitate phase and matrix. Incoherent phases have large in-
terfacial energy which does not guarantee the strengthening mechanism by the movement 
of the dislocations. 
The theory of heterogeneous nucleation is valid for the carbides. The secondary carbides, 
which have strengthening effects on the material, usually precipitate at grain boundaries 
and dislocations. This is explained in more detail in section 2.2. 

2.1 Gamma matrix (γ) and Gamma prime phase (γ') 

The γ matrix has a FCC lattice structure and consists principally of Ni and solid solu-
tion elements such as Co, Cr, Fe, Mo and W [1]. The tendency of Ni to alloying with these 
elements is fundamental to withstand at severe temperatures [8]. 

 
The γ' is the most important strengthening phase and it is responsible of high temperature 
strength. It is an intermetallic compound Ni3(Al, Ti) with the same lattice structure as the 
matrix, which determines the coherency between the two phases. However, it is known [6] 
that there is a small misfit at the γ-γ' interface which influences the γ' precipitate morphol-
ogy [7]. These precipitates form during the heat treatments or service below the γ' solvus 
temperature, when the solubility of the Al and Ti exceeds in the nickel rich matrix. These 
small and uniformly dispersed particles in the matrix act as “barriers” to the moving dislo-
cations and consequently enhance the properties of the material [4]. The morphology, dis-
tribution and size of the particles determine the hardening effect [8]. 
The amount of the γ' phase determines both mechanical properties and the manufacturabil-
ity. In the recent superalloys, the amount of the gamma prime formers, Al and Ti, was care-
fully balanced in order to get exceptional manufacturability and high strength [4]. The bet-
ter manufacturability is related to the sluggish precipitation kinetics of the γ' phase, which 
reduces the issue of strain age-cracking [5], making it “easy” to weld.  

2.2 Carbides 

The role of the carbides is very complex in nickel based superalloys. They influence the 
mechanical properties depending on their morphology and distribution. Fine blocky dis-
persed elements on the grain boundary can have strengthening effect by inhibiting grain 
boundary sliding, thus improving creep and rupture strength [1, 2]. On the other hand, if 
they are present as continuous films at the grain boundaries they have detrimental effect on 
the ductility [1]. 

 
Common carbides found in Ni-based superalloys are MC, M23C6 and M6C. Figure 4 shows 
a schematic representation of the precipitation of secondary carbides. 
 
MC carbides form during solidification as discrete particles in intergranular and intragranu-
lar positions and they are found between the dendrites [1]. They form in the liquid due to 
the strong segregation of C, when its amount is above 0.05%, and react with Ti, Mo and Cr 
[5]. Their FCC dense and close pack structures determine the high strength and chemical 
stability of these compounds [1]. They are very stable at low temperatures but tend to de-
generate into secondary carbides at higher temperatures [9]. 
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M23C6 carbides have the crucial role in the strengthening by inhibiting movement of dislo-
cations. They usually precipitate at the grain boundaries in chromium rich alloys as irregular 
and discontinuous particles at temperatures between 760-980 ºC [1]. Long exposure  

 
 

Figure 4. Schematic representation of formation of secondary carbides. At tempera-
ture T1 the microstructure consists of MC carbides and γ' dispersed in the matrix. 

At temperature T2 the secondary carbides precipitate surrounded by γ' particles. At 
T3, above the solvus of both M23C6 and M6C, they dissolve. 

times at high temperatures result in formation of continuous films along the grains which 
will affect negatively the ductility and rupture life of the material. 
M23C6 is believed to form by different reactions: 
 
                                                            γ → M23C6 + γ ;         [8] 
 
and/or 
 

MC + γ → M23C6 + γ' 
 

 (Ti, Mo)C + (Ni, Cr, Al, Ti) → Cr21Mo2C6 + Ni3(Al, Ti) 
 

This is based on previous observations which confirms that the M23C6 and γ' precipitate 
around the degenerated MC [10]. This transformation is based on diffusion mechanism of 
carbon from the carbon rich MC carbide to the matrix and the diffusion of Ni, Cr and Co 
in the opposite direction [10]. However, a significant decrease of solid solution elements 
such as Mo and Cr from the matrix can weaken the alloy, in particular the presence of 
chromium is crucial for oxide resistance and hot corrosion [4, 11].  
The precipitation behaviour of M23C6 is reported [12] to be related to the grain boundary 
character and interfacial energy. In according to the study conducted by R. Hu et al., these 
carbides tend to form at grain boundaries with large angles which have high interfacial en-
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ergy. In addition, the precipitation reaction is a function of the transformation curve. The 
nucleation begins at low temperatures, at intermediate temperature a discrete morphology 
is observed. At high temperatures close to the solvus the growth becomes more important 
from the continuous flow of material through the diffusion mechanism. When the tem-
perature is above the solvus, M23C6  the carbon distributes between the MC carbide and in 
the matrix [13]. 
M23C6 have a complex cubic structure which is very close to the TCP σ phase structure [1]. 
In a study conducted by Matysiak et al. [5] it was found that these carbides can also form 
during solidification from the degradation of σ phase, consequent to the decreased solubil-
ity of C within the γ phase at lower temperature, which is believed to be governed by the 
following eutectoid reaction [5]: 

σ + C → γ + M23C6 
 
M6C is more thermodynamically stable than M23C6 and forms at higher temperatures when 
the amount of molybdenum and tungsten is between 6 to 8 wt % and these two elements 
act to replace chromium in other carbides [1]. These carbides are present both in grains and 
at the grain boundaries. 
 
M6C reacts in two ways: 

MC + γ → M6C + γ' 
 

Where the elements involved in the reaction are 
 

(Ti, Mo)C + (Ni, Co, Al, Ti) → Mo3(Ni, Co)3C + Ni3(Al, Ti) 
 

or 
 

M6C + M' → M23C6 + M'' 
 

Mo3(Ni, Co)3C + Cr ↔ Cr21Mo2C6 + (Ni, Co, Mo) 
 

These transformations depend on the type of alloy. For instance in Rene´41, which has 
similar composition to Alloy B, during long heat treatments, the M6C carbides can trans-
form into M23C6 [1]. Another study conducted for a different superalloy [14] showed that 
the secondary M23C6 can form around the M6C due to local accumulation of chromium, 
probably coming from γ' precipitation process in the matrix. 

2.2.1 Morphology of carbides 

 
The carbides are found to precipitate with different morphologies. MC carbides are usually 
present as coarse cubic or script morphology. Different types of shapes have been reported 
for the M23C6. They are usually present as irregular discontinuous blocky particles, cellular, 
plates and other regular geometric forms [1]. As mentioned before, they usually precipitate 
at the grain boundaries and contribute to determine the mechanical properties of the alloys. 
Some studies [15, 16, 17] conducted on the precipitation behaviour of these carbides dem-
onstrated that the interfacial energy and the grain boundary character play an important 
role. It was also found that the M23C6 carbides tend to precipitate at grain boundaries with 
high angles, thus with higher interfacial energy. The different shapes are believed to be due 
to different reasons. Lamellar carbides are attributed to the dislocation movement, stacking 
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faults formation or residual stresses [18, 19, 20]. Figure 5 shows the typical morphologies 
of carbides in nickel based superalloys. Recent studies demonstrated they form when the 
lattice structure is coherent with the matrix [21, 22]. 
 

 
 

Figure 5. Image a1) shows a typical MC carbide, a2) and a3) respectively, blocky 
and script morphologies. b1) represent discontinuous blocky particles, b2) plate and 
b3) cellular type carbides. Image c1) represents a blocky form of M6C and c2) repre-

sents Widmanstätten morphology. 

They can also grow on one or both sides of the grain boundaries depending on the misfit. 
The orientation of the growth is related to the diffusional flux difference between various 
interfaces [23]. Consequently, the carbides tend to grow along the grain boundary, where 
the diffusivity is greater than compared of the lattice [23]. When the carbides are incoher-
ent with the matrix, then they form rod-like shapes [24]. In addition, the distribution and 
the size of the MC carbides also affect the morphology of the secondary carbides [25]. 
Film-like carbides tend to form when MC carbides are small and present close to the grain 
boundaries. This is related to the diffusion kinetics, since small and finely dispersed parti-
cles have higher free energy than big particles. 
M6C carbides precipitate in blocky form at the grain boundaries and in a Widmanstätten 
morphology (also called acicular form) intragranularly [1]. 

2.3 Other Phases 

Borides can be present in superalloys, their formation is due to high affinity of Mo and Cr 
for B and for the low solubility of B in the γ matrix [5]. Two types of borides can form, 
M3B2 and M5B3. M5B3 borides are present at the intergranular region, which affects nega-
tively the ductility of the material at high temperatures. Their presence is a concern during 
welding as they are responsible for HAZ cracking due to the liquation reaction [8]. 
MN nitrides were found in as-cast microstructure [5], where “M” consisted in titanium. 
They precipitated in inter-dendritic areas as regular and angular shapes [5]. However, it is 
known that they don´t have significant influence on the mechanical properties if present at 
standard concentration [5]. 
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TCP precipitates form during long heat treatments or service and generally, µ and σ phases 
are found in nickel based alloys [1]. The σ phase has the formula (Cr,Mo)x(Ni,Co)y, where x 
and y can vary from 1 to 7 [1]. The precipitation of σ precipitates is deleterious for the al-
loy´s properties because this phase is very hard, which can lead to cracking if present as 
plate-like morphology or as grain boundary films. Moreover, it depletes some refractory 
elements such as Cr and Mo, which can reduce the corrosion resistance in the alloy [1, 5]. 
These phases have similar structures compared to secondary carbides. In alloys with high 
molybdenum content the secondary carbides can degenerate into TCP phases if heated for 
long dwell times. M23C6 has the same crystal structure of σ, and M6C is similar to the µ 
phase.   

2.4 Rene´41 

Rene´41 has very similar composition to the recent developed Alloy B. The latter has less 
amount of γ' former elements which makes it easier to work. Though, the amount of car-
bide former elements have been reduced, except for Cr (see Table 1), it can be assumed 
that the mechanisms of the secondary carbides precipitation will be similar in the two al-
loys. Thus, it is of interest to consider briefly the behaviour of carbides in Rene´41. 
 
Table 1. Amount of carbide former elements and γ' former elements in Alloy B and 

R-41 in wt%. 

 Carbide former elements γ' former elements 

Alloy Cr Mo Co C Ti Al 

Alloy B 20 8.5 10 0.06 2.1 1.5 

R-41 19 10 11 0.09 3.1 1.5 

 
In MC carbides “M” is found as titanium [26] and it is identified in the grains and at grain 
boundaries. It is stable and abundant at lower temperatures, usually between 760-870 ºC 
[9]. The main element in M23C6, which precipitated at the grain boundaries and within the 
grains, is chromium but it also contains molybdenum, iron and cobalt [26]. In a study con-
ducted by Collins [9], these were found to be stable at 926-982 ºC. They were observed in 
the grain boundary areas as continuous film at low temperatures only in wrought samples, 
and blocky particles at the grain boundaries both cast and wrought alloys. In the M6C car-
bides molybdenum, chromium, nickel and cobalt react with the carbon and precipitate both 
within the grains and at the grain boundaries [26]. These form at temperatures between 
870-1094 ºC, become unstable above 1094 ºC and were observed as blocky particles [9]. 
Table 2 shows the compositional elements of the carbides based on the literature study. 

 
Table 2. The table summarizes different elements involved in the carbides. 

Carbides Elements 

MC Ti, Mo, Cr 

M23C6 Cr, Mo, W, Co, Fe 

M6C Mo, W, Co, Ni 
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3 Experimental methods 

3.1 JMatPro Modelling and DOE 

JMatPro 6.2 software has been used for material modelling. TTT diagrams were calculated 
for Alloy B using the composition present in the following table. 
 
Table 3. Chemical composition in wt% of Alloy B used for JMatPro Modelling [5]. 

Element Chemical composition 
in wt% 

Ni Bal 

Cr 20.27 

Co 10.02 

Mo 8.21 

Ti 2.32 

Al 1.74 

Fe 1.21 

Mn 0.038 

Si 0.066 

C 0.00598 

B 0.003 

V 0.032 

W 0.08 

Nb 0.06 

Ta 0.03 

Zr 0.0014 

N 55ppm 

 
A DOE was conducted using the main secondary carbide forming elements, Cr, Mo and C, 
to investigate the influence on the solution temperatures. This included the use of the 
software Minitab16, for a full factorial design with 9 runs, 3 factors and without replicates. 
Table 4 represents the different compositions and combinations used. 
 

Table 4. Amount in wt% of the main secondary carbide former elements. 

Cr Mo C 

20 8.0 0.060 

17 9.5 0.045 

23 9.5 0.045 

17 9.5 0.075 

23 6.5 0.075 

17 6.5 0.045 

23 9.5 0.075 

23 6.5 0.045 

17 6.5 0.075 



Precipitation of Carbides in a Nickel-Based Superalloy 

11 

For each combination, the solution temperature of the M23C6 and M6C carbides was 
determined by JMatPro. 

3.2 Material 

The material used is wrought Alloy B heat treated at 1100 ºC for 30 minutes, with fine 
grain, and 1150 ºC for 2 hours, with coarse grain structure. Totally, 64 samples were cut 
into small pieces of dimensions ~10 x 10 mm, using Struers Secotom-10, cutting speed of 
2300 rpm and feed rate 0.100 mm/s. Active cooling was used in order to not alter the 
properties of the material during the cutting process.  

3.3 Heat treatments 

 
Figure 6. TTT diagrams of the carbides showing the heat treatment range ΔT1 and 

ΔT2. 

The heat treatment temperature range was decided based on the TTT diagrams. The mini-
mum temperature was selected in correspondence of the lowest time for precipitation of 
M23C6 carbide. The highest temperature at which M6C exists was the upper limit for the 
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heat treatment temperature. In Figure 6, ΔT1 is 950-990 °C and ΔT2 is 980-1020 °C. For 
each heat treatment, two types of samples, with fine and coarse grain microstructure, were 
placed in the furnace at the predetermined temperature and dwell time (see Table 5) and 
quenched in water.  

Table 5. Heat treatment temperatures and dwell times. 

Temperature 
(°C) 

Time (h) 

920 0.5 1 2 24 

950 0.5 1 2 24 

980 0.5 1 2 24 

1010 0.5 1 2 24 

1040 0.5 1 2 24 

1070 0.5 1 2 24 

1100 0.5 1 2 24 

1130 0.5 1 2 24 

3.4 Microstructural characterization 

After the heat treatments, the samples were prepared for the microstructural analysis. The 
metallographic preparation consisted in: 

 Mounting with Buehler Simpliment 2000, using conductive and thermoplastic 
moulding compounds. 

 Grinding with Buehler PowerPro 5000 by using 125 µm general grinding (p120) 
and 45 µm steel aluminium (p320) abrasive discs. 

 Polishing with Buehler Hercules H rigid grinding disc with 9 µm METADI Su-
preme diamond suspension and TRIDENT cloth with 3 µm METADI Su-
preme diamond suspension. 

 Electrolytic etching using oxalic acid at 3 V. 

3.4.1 Optical microscope Analysis 

The microstructure was analysed with Light Optical Microscope Infinity X. Pictures for 

manual counting were taken with image processing software, Infinity Analyse X, at magni-

fication of 200 times both for fine and coarse grained samples. 

3.4.2 Scanning electron microscopy 

Samples were analysed with scanning electron microscopy in the back scattered mode. This 

has the advantage of distinguishing light and heavy elements and showing it with different 

brightness. The machine used was TM3000 and the images were taken with its integrated 

software at different magnifications. 

3.4.3 Electron Diffraction Spectroscopy Analysis 

In order to identify the compositional elements of carbides the EDS analysis with Quantax 

70 software was performed. Line scans along the grain boundaries and spot analysis were 

conducted to see whether these elements could be related to the carbides. 
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3.4.4 Manual Point Count 

This method was used to estimate the volume fraction of the carbides. This was conducted 

in according to the Standard E562-11 [27]. For each sample a total of 9 pictures were taken 

in different spots by LOM, at a magnification of 200 times, and printed on A4 format pa-

per. Each picture was analysed by superimposing a transparent paper with a rectangular test 

grid spaced 10 µm. The number of test points falling at the intersections (Pi) were counted 

and divided by the total number of grid points (Pt = 580) and averaged with the number of 

fields, n (9). The equations used to calculate the volume fraction are as follows: 

             

The arithmetic average is calculated as: 

   
 

 
      

 

   

  
 

 
  

      

  

 

   

  

The 95% confidence interval is estimated as follows: 

         
 

  
 

Where t is a multiplier number related to the number of fields and s is the standard devia-

tion, determined with the equation: 

   
 

 
            
 

   

 

   

 

For each sample the % relative accuracy was determined as: 

    
      

  
     

3.4.5 Hardness testing 

Macro Vickers hardness testing was conducted to see whether there was a change of hard-

ness in the heat treated samples. This because at the selected heat treatment temperature 

there is possibility that the precipitation of carbides can have effect on the hardness values. 

Five indentations for each sample were made and the average value was determined. The 

load used is 10 kgf. 
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3.4.6 Grain size determination 

 
The average grain size was determined to see whether there was growth of grains after the 
heat treatments. The procedure followed to determine the grain size is explained in E 112-
96 designation [28]. Heyn Lineal Inercept Procedure was followed, which consists in 
counting the number of intersection between the test lines and the grain boundaries and 
determining the mean intercept values. The mean intercept is calculated as: 

  
   

 

 
 

Where L is the length of the line and N is the number of the intercepts. Other parameters 
such as average diameter, average grain area and the grain size number were determined by 
referring the table 4 in E112-96.  
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4 Results  

Results from material modelling and microstructural characterization are presented in this 
section. 

4.1 JMatPro Modelling and DOE 

Figure 7 shows the TTT diagrams for secondary carbides. The solution temperatures for 
carbides are presented on the right. The solution temperature for M23C6 is 1061˚C. M6C 
carbides dissolve at 1074 ˚C. The full composition is also presented. 

 
Figure 7. TTT diagrams for carbides in Alloy B. 

Figures 8 to 11 summarize the results from the design of the experiments. In Figure 8 and 
9 it can be seen how the change in the composition of Cr, Mo and C influences the solu-
tion temperature for, respectively, M23C6 and M6C carbides. 
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Figure 8. Plots showing the influence of composition on solution temperature of 

M23C6. 

 

 
Figure 9. Plots showing the influence of composition on solution temperature of 

M6C. 

The plots show that with increasing amounts of chromium, the solution temperature for 
the secondary carbides decreases. The temperature change is higher in M6C than M23C6. 
Higher amounts of C also lead to decrease of solution temperatures for both type of car-
bides. The presence of molybdenum, however, results in opposite trend. By varying its 
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quantity from 6.5 to 9.5 wt% the solution temperature for M23C6 goes from 1040 to 1090 
˚C and from 1020 to 1120 ˚C for M6C. 
Figures 10 and 11 show the solution temperature-composition interaction plots for, respec-
tively, M23C6 and M6C carbides. 

 

 
Figure 10. Plots showing how the interaction of different elements influence the 

solution temperature of M23C6. 

 

 
Figure 11. Plots showing how the interaction of different elements influence the 

solution temperature of M6C. 
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One important thing that can be noticed from the above two figures is that, with increasing 
amount of molybdenum, but low amount of chromium, the solution temperature of the 
carbides faces a significant increase. On the other hand, these temperatures don´t face sig-
nificant change when chromium levels are high.  
Moreover, the kinetics also change with the composition. For each composition the short-
est time for precipitation of the carbides was recorded.  
 

 
Figure 12. Plots showing the influence of composition on precipitation time of 

M23C6. 

 
Figure 13. Plots showing the influence of composition on precipitation time of M6C. 
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In Figure 12 and 13 it can be seen how the change in the composition of Cr, Mo and C 
influences the precipitation time for, respectively, M23C6 and M6C carbides. The results 
show that precipitation time for the secondary carbides is almost stable when the chro-
mium amount is between 17-20 wt%. On the other hand, above the nominal composition, 
there is sudden increase of precipitation time. The presence of molybdenum follows similar 
trend in Figure 12. However, in the case of M6C (Figure 13), the precipitation time drops 
from 150 to 25 minutes below the nominal composition. When the content is between 8-
9.5 wt%, there is a slight increase up to 100 minutes. 
 
Figures 14 and 15 show the precipitation time-composition interaction plots for, respec-
tively, M23C6 and M6C carbides. The precipitation time increases from 50 minutes, when 
molybdenum is present at 6.5 wt%, up to 200 minutes at 9.5 wt% and considering the same 
value for chromium (23 wt%). Conversely, when chromium is present at 17 wt% the time 
drops to almost 0. The same trend can be noticed for M6C carbides in figure 15. But at the 
highest amounts of chromium, the precipitation time remains high. 
 

 
Figure 14. Plot showing how the interaction of different elements influence the pre-

cipitation time of M23C6. 
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Figure 15. Plots showing how the interaction of different elements influence the 

precipitation temperature of M6C. 

4.2 Microstructural characterization 

Figure 16 and 17 show the microstructure at different soak temperatures and dwell times 
for sample with fine and coarse grains, respectively. In particularly, the areas of interest are 
the grain boundaries, where the secondary carbides precipitate. Both primary and secon-
dary carbides are found in the microstructure in different morphologies. The secondary 
carbides have irregular shape at lower temperatures, while they are present as fine and dis-
crete particles at higher temperatures, especially at grain boundaries. However, in some 
samples, at 980 °C, the grain boundaries seem to be “clean”, meaning that there are no 
carbides. The dissolution is evident at the highest temperature, which is 1130 °C.  
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            Figure 16. Microstructure map of heat treated fine grain samples at 6000 magnifi-
cation. 
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Figure 17. Microstructure map of heat treated coarse grain samples at 6000 magnifica-
tion. 
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Figure 18. SEM photomicrograph showing MC, M6C and M23C6 carbides. The im-
age refers to fine grained sample heat treated at 1070 °C for 24 h. Magnification is 

1200x. 

Figure 18 shows both primary (MC) and secondary (M23C6, M6C) carbides at the grain 

boundaries. Elements with high atomic weight backscatter electrons more strongly than 

elements with low atomic weight. Thus, in the SEM the M23C6 carbides rich in chromium, 

appear as dark particles. On the other hand, M6C carbides appear white because molybde-

num has higher atomic weight compared to chromium.     

4.2.1 Electron Diffraction Spectroscopy Analysis 

Figure 19 shows a line scan across the grain boundary. The figure refers to the sample heat 

treated at 1070 °C for 24 hours. It can be noticed areas where the number of counts for 

molybdenum is higher than chromium. This means that molybdenum rich bright particles 

are M6C carbides. Figure 20 shows a line scan of a MC carbide, where “M” is titanium and 

molybdenum. This refers to the sample with coarse grains. The heat treatment temperature 

was 1010 °C for 30 minutes. 
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Figure 19. Line scan across grain boundary showing the presence of secondary car-
bides. The sample is fine grained and heat treated at 1070 for 24 hours. 

 

 
Figure 20. Line scan of across a MC carbide present at the grain boundary. The 

sample has coarse grains and it was heat treated at 1010 °C for half an hour. 
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4.2.2 Manual Point Counting 

The results for the volume fraction of the carbides are presented in table 6 and 7. The vol-

ume fraction in percent of carbides was determined at the grain boundaries and inside the 

grains. The column on the right represents the volume fraction of the total number of car-

bides, both intergranularly and intragranularly. Results for standard deviation and relative 

accuracy are presented in Appendix A. 

Table 6. Volume fraction of carbides in % present intergranularly, intragranularly 
and total with 95% confidence interval for fine grained samples. 

 

 

 Intergranular Transgranular Total 

As rec.                   0.34±0.12                 0.44±0.12                     0.79±0.21 

°C    0.5 h        1 h         2 h       24 h 0.5 h        1 h         2 h       24 h 0.5 h        1 h         2 h       24 h 

920  0.66±0.13  0.43±0.10  0.59±0.13  0.57±0.17  0.32±0.11  0.44±0.11  0.46±0.15  0.56±0.10  0.98±0.16  0.87±0.14  1.05±0.22  1.12±0.20 

950  0.38±0.07  0.88±0.12   0.91±0.28  0.31±0.08  0.32±0.07  0.44±0.11  0.40±0.08  0.34±0.07  0.70±0.11  1.32±0.18  1.31±0.25  0.64±0.09 

980  0.78±0.17  0.54±0.12   0.58±0.14  0.44±0.08  0.45±0.16  0.36±0.09  0.47±0.12  0.57±0.14  1.22±0.30  0.90±0.16  0.93±0.20    1±0.14 

1010  0.38±0.09  0.38±0.09   0.53±0.06  0.61±0.12  0.44±0.10  0.56±0.16  0.76±0.19  0.46±0.21  0.81±0.11  0.94±0.20  1.28±0.18  1.07±0.24 

1040  0.47±0.11  0.30±0.09   0.26±0.04  0.50±0.08  0.57±0.16  0.53±0.09  0.49±0.10  0.22±0.04  1.03±0.22  0.82±0.10  0.85±0.21  0.73±0.08 

1070  0.31±0.07  0.34±0.09   0.28±0.05  0.47±0.07  0.40±0.10  0.27±0.06  0.33±0.07  0.36±0.07  0.71±0.14  0.62±0.10  0.60±0.11  0.83±0.11 

1100  0.27±0.02  0.32±0.11   0.31±0.10  0.54±0.20  0.47±0.10  0.49±0.10  0.44±0.11  0.48±0.16  0.74±0.09  0.80±0.19  0.75±0.20  1.01±0.31 

1130  0.19±0.09  0.11±0.05   0.30±0.09  0.23±0.09  0.64±0.16  0.55±0.18  0.33±0.09  0.80±0.07  0.83±0.22  0.66±0.15  0.63±0.16  1.03±0.20 

 

Table 7. Volume fraction of carbides in % present intergranularly, transgranularly 
and total with 95% confidence interval for coarse grained samples. 

 Intergranular Transgranular Total 

As rec.                     0.25±0.08                        0.51±0.09                         0.76±0.11 
°C      0.5 h         1 h          2 h        2 4 h 0.5 h         1 h          2 h        2 4 h 0.5 h         1 h          2 h        2 4 h 

920   0.22±0.01  0.21±0.12  0.39±0.14  0.34±0.10  0.54±0.10  0.91±0.23  0.44±0.13 0.50±0.12  0.76±0.10  1.11±0.30  0.83±0.22  0.84±0.27 

950   0.15±0.05  0.43±0.08  0.21±0.05  0.27±0.09  0.52±0.08  0.46±0.10  0.50±0.13 0.42±0.12  0.67±0.09  0.89±0.19  0.71±0.12  0.69±0.20 

980   0.37±0.13  0.24±0.05  0.33±0.05  0.33±0.06  0.64±0.17  0.50±0.09  0.67±0.21  0.45±0.1  1.02±0.25  0.74±0.11   1±0.26    0.78±0.18 

1010   0.32±0.01  0.46±0.09  0.32±0.09  0.23±0.06  0.73±0.15  0.57±0.13  0.67±0.20 0.51±0.13  1.04±0.18  1.03±0.24   1±0.43    0.74±0.18 

1040   0.40±0.08  0.46±0.08  0.32±0.09  0.31±0.09  0.57±0.14  0.70±0.17  0.67±0.18 0.75±0.16  0.96±0.20  1.16±0.36 0.90±0.35 1.09±0.33 

1070  0.16±0.06  0.15±0.02   0.11±0.05  0.45±0.10  0.60±0.12  0.40±0.06  0.54±0.1   0.51±0.16  0.77±0.16  0.56±0.07 0.65±0.12  0.96±0.19 

1100  0.34±0.09  0.25±0.15   0.17±0.07  0.34±0.14  0.42±0.09  0.85±0.21  0.67±0.12 0.70±0.16  0.77±0.12  1.10±0.44 0.84±0.19  1.04±0.32 

1130  0.11±0.01  0.18±0.06   0.23±0.07  0.20±0.07  0.60±0.18  0.93±0.14  0.57±0.12 0.56±0.07  0.71±0.21  1.11±0.17  0.80±0.09  0.76±0.11 
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Figures 21 and 22 show the previous data plotted for the carbides present at the grain 
boundaries and intragranularly. The change of volume fraction has been presented against 
time, with constant temperatures. 

 

Figure 21. Plot showing the change of volume fraction during time at constant tem-
peratures in fine grained samples. 

 

 

Figure 22. Plot showing the change of volume fraction during time at constant tem-
peratures in coarse grained samples.  
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Figures 23 and 24 represents the volume fraction, in percent, as the temperature increases 

and at constant time.  

 

Figure 23. Plot showing the volume fraction of carbides at the grain boundaries in 
fine grained samples. 

 

 

Figure 24. Plot showing the volume fraction of carbides at the grain boundaries in 
coarse grained samples. 

4.2.3 Hardness testing 

Figure 25 summarises the hardness results for the fine grained samples. 
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Figure 25. Hardness in function of time for fine grained samples. 

 

Hardness results for coarse grained samples are presented in figure 26. 

 

Figure 26. Hardness in function of time for coarse grained samples. 
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4.2.4 Grain Size 

Tables 8 and 9 show the grain size parameters for fine grain and coarse grain samples, re-

spectively. 

 

Table 8. Grain Size parameters for fine grained samples. 

 

 

 

 Grain Size No. 

G 

Mean Intercept 

µm 

Average Diameter 

µm 

Average Grain Area 

µm2 

°C 0.5 h   1 h    2 h   24 h 0.5 h   1 h    2 h   24 h 0.5 h   1 h    2 h   24 h 0.5 h   1 h    2 h   24 h 

920    5.0     5.0     5.5     4.5   56.6    56.6   47.6   67.3   63.5   63.5   53.4   75.5  4032  4032  2851  5703 

950    5.5     5.5     5.5      6   47.6    47.6   47.6    40   63.5   63.5   63.5   44.9  2851  2851  2851  2016 

980     6        6      6.5     5.5    40      40    33.6   47.6   44.9   44.9   37.8   63.5  2016  2016  1426  2851 

1010    5.5      6       6       5.5   47.6     40    40     47.6   63.5   44.9   44.9   63.5  2851  2016  2016  2851 

1040     6      5.5     5.5      4.5   40      47.6   47.6   67.3   44.9   63.5   63.5   75.5  2016  2851  2851  5703 

1070    5.5     5.0     5.5     5.0   47.6   56.6   47.6   56.6   53.4   63.5   53.4   63.5  2851  4032  2851  4032 

1100    5.5     5.0     5.0     5.0   47.6   56.6   56.6   56.6   53.4   63.5   63.5   63.5  2851  4032  4032  4032 

1130    4.5     5.0     5.0     4.0   67.3   56.6   56.6   80.0   75.5   63.5   63.5   89.8  5703  4032  4032  8065 

 

Table 9. Grain Size parameters for coarse grained samples. 

 Grain Size No. 

G 

Mean Intercept 

µm 

Average Diameter 

µm 

Average Grain Area 

µm2 

°C  0.5 h   1 h    2 h   24 h 0.5 h   1 h    2 h   24 h 0.5 h   1 h    2 h   24 h 0.5 h   1 h    2 h   24 h 

920    4.0    4.0     5.0    4.0    80      80    56.6    80   89.8   89.8   63.5   89.8  8065   8065  4032  8065 

950    4.0    5.0     4.0    4.0    80     56.6    80     80   89.8   63.5   89.8   89.8  8065   4032  8065  8065 

980    4.0    5.0     5.5    4.5    80     56.6   47.6   67.3   89.8   63.5   53.4   75.5  8065   4032  2851  5703 

1010    4.5    4.5     4.5    5.0   67.3    67.3   67.3  56.6   75.5   75.5   75.5   63.5  5703   5703  5703  4032 

1040    5.5    4.5     4.5    4.0   47.6    67.3   67.3    80   53.4   75.5   75.5   89.8  2851   5703  5703  8065 

1070    4.0    4.5     4.5    3.5    80     67.3   67.3   95.1  89.8  75.5   75.5   106.8  8065  5703  5703 11405 

1100   3.5    3.5     4.0    4.0   95.1    95.1   80.0   80.0  106.8 106.8   89.8   89.8 11405 11405  8065 8065 

1130   4.0    3.0     4.0    4.0   80.0   113.1  80.0   80.0   89.8  127.0  89.8   89.8  8065 16129  8065  8065 
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Figure 27 and 28 show the average grain diameter versus time at constant temperature. 

 

Figure 27. Grain size in function of time in fine grain samples. 

 

 

Figure 28. Grain size in function of time in coarse grain samples. 
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5 Discussion  

The results from the JMatPro simulation show that the lowest precipitation time for M23C6 

carbides is 22 minutes at temperature of 950°C. The solution temperatures determined by 
modelling for M23C6 is 1061°C. The DOE showed that a fluctuation of the compositional 
elements can have a significant effect on the solution temperatures of the secondary car-
bides. Figure 8 shows that the solution temperature for M23C6 carbides, which are rich in 
chromium, is between 1080-1050°C, when its amount varies between 17-23 wt%. This 
means higher quantity of chromium drops the solvus temperature of M23C6 carbides. How-
ever, the presence of molybdenum also influences its solution temperature. This increases 
linearly from 1050 to 1090, only with a change of 3 wt%, from 6.5 to 9.5 wt%. It is also of 
interest how, in the interaction plot in figure 10, there is an increase of 100 °C (1050 to 
1150) of the solvus temperature of M23C6, considering the same interval for molybdenum 
but with 17 wt% of chromium. While the kinetics has irrelevant influence when the 
amount of both elements is below the nominal level as it can be seen in figure 12. Above 
there is a sharp increase of the precipitation time. 
M6C carbides precipitate at a higher temperature of 980°C and the precipitation time for 
the correspondent temperature is 25 minutes. The dissolution temperature estimated is 
1074 °C. As for M23C6 carbides, molybdenum and chromium have significant influence on 
the solution temperature as plotted in figure 9. Same trend as for M23C6 carbides is followed 
for the temperatures, with increasing chromium the solution temperature drops, vice versa 
with molybdenum. Though, the temperature range is major in this case. Moreover, it 
should be noticed that the molybdenum has been balanced carefully to 8.5 wt% because it 
gives the optimal creep strength as reported in [4]. 
The composition used for the JMatPro simulation did not include S, P and Mg, which are 
found respectively, 0.0036 and 0.006 wt% because the software does not include in the 
database. Moreover, the influence of solution temperature of secondary carbides was stud-
ied by changing the composition of three elements, Cr, Mo and C. However, these are not 
the only elements which compose the M23C6 and M6C carbides. Other elements, such as W 
and Co have important role on their composition. 
 
The microstructure analysis showed the presence of carbides at lower temperatures in con-
trast to the simulations. MC carbides are found in all the heat treated conditions and they 
appear in various shapes and dimensions. They are titanium and molybdenum rich particles 
and are found both inside the grains and at the grain boundaries. 
In figure 16 and 17 the secondary carbides can be noticed at 920°C. These, as documented 
in the literature, are mostly found at the grain boundaries. They appear as discrete and fine 
particles at high temperatures, above 980 °C, both in fine and coarse grained samples. 
These type of carbides are believed to be beneficial for the mechanical properties of the 
alloys. M6C carbides seem to be stable at high temperature. At 1070 °C, in both samples, 
they appear as bright particles along the grain boundaries. Figure 19 shows that the con-
stituent elements for these carbides are molybdenum and chromium. At 1100 °C and for 
short dwell times these particles can still be noticed at the grain boundaries, but in a lower 
amount. Moreover, at these temperatures there are no traces of M23C6 carbides. In the 24 
hour heat treatment at the same temperature, the M6C carbides seem to start dissolving. 
Indeed, at 1130 °C there were no carbides at the grain boundaries. 
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Results from the manual point counting show that the volume fraction of carbides is higher 
in the samples with fine grains. The highest value estimated is 1.31 volume %, in the fine 
grained sample, for the 950°C heat treatment for 1 hour. It is of interest to consider figure 
23 and 24. As known, the secondary carbides precipitate preferably at the grain boundaries. 
In these plots it can be clearly noticed that the amount of the carbides present at the grain 
boundaries is lower with increasing temperatures in both type of samples. The estimated 
volume fraction in the fine grained samples oscillates between 0.9-0.1% between the heat 
treatment range; while, in the samples with coarse grains this amount is 0.45-0.1%. A slight 
increase of the volume fraction, especially in samples with fine grain, appeared between 1 
hour and 2 hours heat treatments, for the temperature range of 950 to 1010 °C. It is impor-
tant to consider that the pictures for the manual point count were taken with LOM, at 
magnification of 200 times. At these magnifications the smaller carbides are difficult to 
notice, since their average size is below 10 µm. Therefore, the determined volume fraction 
is underestimated. For a future work an analysis with micrographs taken with the SEM at 
higher magnifications would be suggested. 
 
With increasing temperature and dwell time, the macro Vickers hardness decreased. As it 
can be seen in figure 25 and 26, the fine grain samples showed higher values in comparison 
to the coarse grained samples. However, the interval between 950 °C and 1010 °C showed 
slight increase of hardness. In particular, at 1010 °C heat treatment for 2 hours dwell time, 
peaks for hardness values were registered in both samples. This is of particular interest, 
since the solution heat treatment for this alloy is conducted at same temperature and time. 
Further study is needed to understand the reason for this behaviour. 
 
Grain growth with increasing temperature is evident from figure 27 and 28. The tempera-
ture at which there is grain growth can be associated with the dissolution of secondary car-
bides. However, this is difficult to say from the present data. 
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6 Conclusions  

Following are the main conclusions from this work: 
 

 M23C6 carbides are stable below 1070 °C. The dissolution temperature is around 
1100 °C. 

 M6C carbides are more stable at high temperature, 1040-1070 °C. The solvus 
temperature is around 1130 °C. 

 Volume fraction of carbides is estimated between 0.6-1.3%. 

 The volume fraction is higher in samples with fine grain microstructure.  

 There is no significant difference for hardness values between the two fine and 
coarse samples.  

 Hardness varied between 950 and 1010 °C, significant is the peak reached at 
1010 °C-2 hours heat treatment. Above this temperature, these values are stabi-
lized. 
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A.  

Table 10. Standard deviation values for the determined volume fraction of carbides 
in fine grained samples.  

 Intergranular Transgranular Total 

As rec. 0.15 0.16 0.27 

°C  0.5 h    1 h      2 h     24 h 0.5 h    1 h     2 h      24 h  0.5 h     1 h      2 h      24 h 

920  0.17     0.14     0.26     0.22  0.14     0.14      0.2      0.13   0.2      0.18     0.29     0.26 

950  0.09     0.15     0.36      0.1   0.1      0.14      0.1      0.09  0.15     0.24     0.33     0.13 

980  0.22     0.15     0.18      0.1   0.2      0.12     0.16     0.19   0.4      0.21     0.26     0.19 

1010  0.12     0.12     0.08     0.15  0.13      0.2      0.24     0.28  0.14     0.27     0.24     0.32 

1040  0.15     0.12     0.05     0.11  0.21     0.12     0.13     0.05  0.29     0.12     0.27      0.1 

1070  0.1       0.11     0.07      0.1  0.14     0.07      0.1      0.09  0.18     0.13     0.14     0.14 

1100  0.03     0.15     0.13     0.26  0.13     0.13     0.14     0.21  0.12     0.24     0.26     0.4 

1130  0.11     0.06     0.13     0.12  0.21     0.23     0.12    0.09  0.29     0.2      0.21     0.26 

 
 
Table 11. Relative accuracy values for the determined volume fraction of carbides in 
fine grained samples.  

 

 Intergranular Transgranular Total 

As rec. 31.73 17.39 15.19 

°C 0.5 h      1 h       2 h      24 h 0.5 h      1 h       2 h      24 h 0.5 h      1 h       2 h      24 h 

920 4.44      56.62    34.69    28.46 19.38     25.04    23.51    24.57 13.16     26.97    26.91    32.39 

950 34.19    18.63    25.71    36.65 14.55     21.31    25.27    28.97 13.44     21.44    17.25    28.6 

980 34.79    19.65    15.85     19.6 26.32     18.68    31.43   21.23 24.51     15.33    25.76   17.56 

1010 2.84      19.38    29.61    24.05 20.84      22.6    30.37    25.00 16.81     22.83    43.55   24.13 

1040 20.07     16.4     27.31    30.68 25.21     24.43    27.17    22.01 21.25     30.9     38.75   30.31 

1070 34.53    11.37    40.65    33.72 19.87     15.56    17.77    30.92 21.44     11.93   18.49   19.76 

1100 26.67    62.17    40.18    39.71 22.86     24.34   18.44    22.53 16.27     40.11   22.06   30.18 

1130 14.95     34.2     30.04    36.29 29.64     14.57   20.57     12.4 29.77     15.31   10.91   14.91 
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Table 12. Standard deviation values for the determined volume fraction of carbides 
in coarse grained samples. 

 Intergranular Transgranular Total 

As rec. 0.10 0.11 0.15 

°C    0.5 h    1 h     2 h     24 h    0.5 h    1 h    2 h    24 h    0.5 h    1 h    2 h    24 h 

920     0.01   0.16    0.18    0.13    0.14     0.3     0.13    0.16    0.13    0.39    0.29    0.36 

950     0.07    0.1     0.07    0.13     0.1     0.13    0.16    0.16    0.12    0.25    0.16    0.26 

980     0.17   0.06    0.07    0.08    0.22    0.12    0.27    0.12    0.32    0.15    0.33    0.18 

1010     0.01   0.12    0.12    0.07     0.2     0.17    0.26    0.17    0.23    0.31    0.56    0.23 

1040     0.1     0.1     0.11    0.12     0.19    0.22    0.24    0.21    0.26    0.47    0.45    0.43 

1070     0.07   0.02    0.06    0.14     0.16    0.08    0.12    0.2    0.21    0.09    0.16    0.25 

1100     0.12    0.2     0.09    0.18     0.13    0.27    0.16    0.2    0.16    0.57    0.24    0.41 

1130     0.02   0.08    0.09    0.09     0.23    0.18    0.15   0.09    0.27    0.22    0.11    0.15 

 

 

Table 13. Relative accuracy values for the determined volume fraction of carbides in 
coarse grained samples. 

 Intergranular Transgranular Total 

As rec. 31.73 17.39 15.19 

°C 0.5 h      1 h       2 h      24 h 0.5 h      1 h       2 h      24 h 0.5 h      1 h       2 h      24 h 

920 4.44      56.62    34.69    28.46 19.38     25.04    23.51    24.57 13.16      26.97    26.91    32.39 

950 34.19    18.63    25.71    36.65 14.55     21.31    25.27    28.97 13.44      21.44    17.25    28.6 

980 34.79    19.65    15.85     19.6 26.32     18.68    31.43   21.23 24.51     15.33     25.76    17.56 

1010 2.84      19.38    29.61    24.05 20.84      22.6    30.37    25.00 16.81     22.83     43.55    24.13 

1040 20.07     16.4     27.31    30.68 25.21     24.43    27.17    22.01 21.25     30.9      38.75     30.31 

1070 34.53    11.37    40.65    33.72 19.87     15.56    17.77    30.92 21.44     11.93    18.49     19.76 

1100 26.67    62.17    40.18    39.71 22.86     24.34   18.44    22.53 16.27     40.11    22.06     30.18 

1130 14.95     34.2     30.04    36.29 29.64     14.57   20.57     12.4 29.77     15.31    10.91     14.91 

 
 
 

 
 


