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ABSTRACT 
Nimonic 263 has been selected as a candidate header/piping 

material of advanced ultra-supercritical (A-USC) boilers for the 

next generation of fossil fuel power plant. Experimental 

assessments on the microstructural stability of this material are 

presented in this paper. Microstructural evolution has been 

quantified by high resolution field emission SEM and TEM. 

Electron diffraction and the combined XRD and Gaussian peak-

fitting have been applied to investigate the coherency and lattice 

misfit between the gamma prime (’) precipitates and the 

gamma () matrix. The microstructure subjected to solution and 

hardening treatment consists of -matrix and a network of 

carbide precipitates along the grain boundaries. Large quantities 

of fine ’-Ni3(Ti,Al) precipitates were observed, with an  

average size of 17 nm and coherent with the matrix lattice. The 

overall misfit has been quantified to be 0.28%. After long term 

aging at 700 and 725 °C for various periods up to 20,000 hours, 

’ was still the predominant precipitate and mostly coherent 

with the matrix. A few needle-shape -Ni3Ti intermetallic 

precipitates were found in the grain boundary regions. The ’ 

size has grown progressively to 78 nm, accompanied by the ’- 

constrained misfit increasing to 0.50%. Moreover, the M23C6-

type grain boundary carbides were found to have experienced 

morphological evolution, including the nucleation of 

Widmanstatten-type needles and their initial growth towards the 

matrix.  

1. INTRODUCTION 
The efficiency of coal fired power plant could be significantly 

improved by increasing the operating temperature and pressure. 

This would result in reduced CO2 emissions per MW generated, 

and would also help offset the reduced efficiency caused by 

incorporating carbon capture. It is feasible to increase the cycle 

efficiency of coal fired power plant to approximately 50% by 

increasing the steam pressure to 350 bar and the final steam 

temperature to 700 °C 
1-3

. In order to meet the requirement of 

higher resistance to creep rupture, corrosion and oxidation an 

upgrade in the materials used for the high temperature 

components from the currently used ferrous based alloys to 

nickel based superalloys is required. Nickel based superalloys 

are well known for their high temperature properties, however, 

unlike the applications in aerospace where the service time is 

typically a few thousands of hours, in thermal power generation 

the requirement is for service times of hundreds of thousand of 

hours. Consequently, a paramount issue is the stability of the 

microstructure of the candidate superalloys at the elevated 

temperatures 
4, 5

.  

The aim of this investigation is to provide a comprehensive 

evaluation of the microstructure changes during long term aging 

of the nickel-based superalloy Nimonic 263, a candidate 

material for superheater headers. 

Nimomic 263 is a wrought alloy with nominal chemical 

compositions, in weight percent (wt%), of Cr 20, Co 20, Mo 6, 

Ti 2, Al 0.5, Fe 1, C 0.06 and the balance Ni 
6-8

. As a 

precipitation strengthening alloy, its heat treatments include a 

solution treatment at 1150
 
°C and a subsequent aging treatment 

at 800
 
°C, to form the standard hardened structure consisting of 

a -Ni based matrix containing fine coherent ’-Ni3(Ti, Al) 

intermetallic precipitates and preferential distribution of M23C6- 

and M6C-type carbides along the -Ni grain boundaries (G.B.). 

The volume fraction, shape, size and distribution of the ’-

Ni3(Ti, Al) precipitates depend on the Ti and Al contents and 

also on the aging treatment at elevated temperatures 
4, 5, 8-16

. 
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Nimonic 263 contains fine ’ precipitate particles due to its low 

Ti and Al content. 

For many precipitation-hardening superalloys progressive 

structural evolution occurs at the service temperature, this plays 

an important role on the long-term performance. The growth of 

’precipitates at elevated temperatures follows a diffusion 

mechanism, with the relationship between precipitate size d and 

aging time t expressed by the so-called Lifshitz-Slyozov-

Wagner (LSW) model, i.e. d  t
3
 

4, 5, 8, 9, 11-13, 17
. Ref. 

8
 made 

thermodynamic calculation of the time-temperature-

transformation (TTT) curves of the ', , M23C6 and M6C 

precipitates in Nimonic 263 alloy, but pointed out that this 

method could not correctly predict the sluggish ' →  

transformation. In Inconel 617 alloy, needle-like M23C6 and 

M6C carbides were observed after 704 °C aging for long 

periods up to 6.6  10
5
 hours 

4
. In another superalloy, Inconel 

740, the ' →  transformation took place when the alloy was 

aged at  750 °C and 816 °C for a series of aging times up to 

2,500 hours 
14 - 16

. Zhao et al. 
8
 reported that, for alloy 263, the 

’ phase precipitated initially at 600
 
°C, became unstable at 800 

- 900 °C and then completely dissolved into the  matrix at 

950°C.  

In nickel based superalloys, the ’/  coherent misfit is defined 

by the equation  = (a’-a)/[0.5·(a’+ a)], where a’ and a 

stand for the lattice parameters of the ’and  phases 

respectively 
9
. Several diffraction techniques have been 

developed for the misfit measurement, including X-ray 

diffraction (XRD) 
18-21

, neutron diffraction (ND) 
22, 23

, and 

convergent beam electron diffraction (CBED) in transmission 

electron microscopy (TEM) 
18, 19, 24

. Although XRD is known 

for its high precision, the technique hasn’t been used in misfit 

measurement because of the difficulty in deconvoluting 

overlapping ’and  diffraction peaks 
18

. Consequently, a 

chemical extraction technique was developed to measure the 

unstrained lattice misfit using chemically extracted ’ particles 
 

9, 15, 17, 18, 25
. Meanwhile, numerical peak deconvolution 

techniques, such as the Gaussian peak-fitting technique, have 

been developed to measure the constrained misfit of bulk 

samples 
19, 23, 26

. However, only a few successful experiments 

have been reported on superalloys having low Ti and Al 

contents 
20, 27

. To our knowledge, no precise measurement of 

/’ misfit has been previously reported on age-hardened 

Nimonic 263 alloy. 

In this paper, we report the microstructure evolution of wrought 

Nimonic 263 alloy after aging at 700 °C and 725 °C for up to 

20,000 hours. A separate work on microstructure 

characterization of the same alloy has been reported elsewhere 
28

. Along with extensive analyses of the microstructure changes 

by using high resolution scanning electron microscopy (SEM), 

TEM and selected area electron diffraction (SAD), the 

constrained '/ lattice misfit has been measured precisely using 

a newly developed XRD and Gaussian numerical peak-fitting 

technique. 

2. EXPERIMENTAL  

The Nimonic 263 parent materials was manufactured by Special 

Metals as a 5-tonne cast, and then extruded by Wyman Gordon 

to produce pipe of nominal outside diameter 310mm and wall 

thickness 70mm. The material was solution treated at 1150 °C 

and water quenched (inside and outside) after extrusion, and 

supplied in this condition to Doosan Power Systems (DPS).  

To explore the effect of service exposure, selected samples were 

exposed to a range of service simulation aging temperatures of 

700 and 725°C, with aging times of 3,000 and 10,000 hours. An 

extended exposure time was carried out at 700°C for 20,000 

hours. Table 1 lists the sample number, aging temperatures, 

exposure times, and the corresponding Larson-Miller parameter 

for these samples. The Larson-Miller parameter was defined to 

illustrate the temperature and time factors on creep of metallic 

alloys 
4
.  

The samples for SEM and XRD characterization were mounted, 

ground and polished using an automatic grinding/polishing unit. 

The Fry’s reagent was found to be effective in highlighting ' 

precipitates.  

A high resolution and analytical field emission SEM instrument, 

FEI Nova200 NanoSEM equipped with Oxford Inca energy 

dispersive X-ray (EDX) spectrometry, was employed in the 

microstructure characterization. TEM characterization was 

undertaken using a Philips CM20 instrument, with a tungsten 

filament and being operated at 200 kV. The TEM specimens 

were prepared by ion milling using a Gatan 691 Precision Ion 

Polishing System (PIPS) at low sputtering angles of ± 6° and 

ion energy of 3 – 5 keV.  

A computer programmed Philips X-Pert X-ray diffractometer 

was employed for the X-ray diffraction work, using a Cu K 

radiation source (wavelength  = 0.154056 nm for K1) 

working at 40 kV and 40 mA. All scans were acquired at the 

Bragg-Brentano mode in a range of diffraction angle, 2 = 20 – 

100°, to cover five diffraction peaks of the ' and  phases, 

namely the {111}, {200}, {220}, {311} and {222} planes. 

Other applied conditions included divergence and anti-

scattering angles both at ¼
 
°, and step size of 0.0167° and 300 

second/step. Gaussian approaching is known for the high 

precision in diffraction angle measurement 
19, 20,

 
29

. In this work, 

we developed a MS-Excel based software based on the 

Gaussian function, to deconvolute the obtained /' diffractions. 

Each obtained original curve was processed by smoothening, 

K1 stripping, and background removing before the Gaussian 

peak-fitting. Both ' and  d-spacings were subsequently 

calculated after the Gaussian peak-fitting. The constrained 

lattice misfit was eventually determined from the lattice 

parameters a and a'.  
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3. RESULTS 

3.1 SEM observations and EDX chemical analyses 

Figure 1 is a collection of SEM images taken from differently 

aged samples. As the low magnification micrograph shown in 

Fig. 1a, the alloy has an equiaxed granular morphology. In all 

the aged samples, the matrix was found to contain a large 

quantity of nano-scale nodular shaped ’-Ni3(Ti, Al) precipitates 

without any needle-like -Ni3Ti, Fig. 1 b-d. Needle-like 

precipitates appeared predominantly at the G.B. regions after 

aging either at 700 °C for 20,000 hours (Fig. 1c) or at 725 °C 

for 10,000 hours (Fig. 1d).  

According to previous research on similar superalloys 
4, 8, 14-16

, 

the needle-like precipitates could be carbides and or the -Ni3Ti 

intermetallic phase. In the SEM characterization, we employed 

the combined scanning back-scattered electron (BSE) imaging 

and EDX spectroscopy to identify the needle-like precipitates. 

The analysis was conducted on the ion beam milled TEM 

samples in order to avoid artificial contaminants arising from 

sample polishing. In general, the aged superalloy contained 

three types of phases, namely the metallic matrix, the Ti- and 

Al-rich intermetallics ’-Ni3(Ti, Al) and -Ni3Ti, and the Cr-Mo 

carbides. The different mass densities of these phases should 

result in different levels of BSE contrast, i.e. from the bright -

Ni matrix, to the intermediate contrast of the intermetallics and 

the dark contrast of the carbides. This BSE capability has been 

verified by the different contrast between the -Ni matrix and 

the ’-Ni3(Ti, Al) precipitates, Fig. 1. On the other hand, 

although the spatial resolution of SEM-EDX spectroscopic 

analysis is not sufficiently high to obtain any absolute spectrum 

from a nano-scale object due to the relatively larger sample 

thickness and the electron beam interaction volume, we could 

not ignore the possibility of detecting the difference of the 

chemical compositions between the different structural 

components. The combined SEM-BSE and EDX analysis was 

firstly applied on the 725 °C and 10,000 hour aged alloy. Figure 

2 is a high-magnification BSE image showing the G.B. region 

and a few selected EDX spectra acquired at different objects. 

Typical EDX results are shown in Table 2. On the image, both 

the left and right sides shows the matrix structure containing the 

-Ni matrix and ’-Ni3(Ti, Al) nodular precipitates. Note that the 

latter are distinguished from the former by their relatively dark 

BSE contrast. The middle part of the image shows the G.B. 

region in which several needles (labelled ‘1’ to ‘3’) locate 

adjacent to the blocky and rectangular grains (labelled ‘5’ and 

‘6’ respectively). The needles labelled ‘1’ and ‘2’ show similar 

contrast to the ’ precipitates. EDX spectra acquired in the two 

objects show slightly higher Ti and Ni contents than the matrix 

region. These results suggest that the needles are likely 

intermetallic phase in the -Ni3Ti type. The blocky grains, like 

the one labelled ‘5’, are Cr-Mo carbides according to the dark 

BSE contrast and the higher Cr, Mo and C contents than the 

matrix. Interestingly, some of the needle- and rod-like 

precipitates are more like Cr-Mo carbide phase than the -Ni3Ti 

intermetallic phase according to their dark BSE contrast. In 

addition, the grain boundary region adjacent to the -Ni3Ti 

needles, labelled ‘4’, was found to contain higher Ti than other 

area, which might be related to the nucleation of the -Ni3Ti. 

The combined SEM-BSE and EDX analysis was also applied 

on the sample aged at 700 °C for 20,000 hours. Figure 3 shows 

a BSE image of the sample. Table 3 shows the normalised EDX 

quantification of Ni, Co, Cr, Mo and Ti contents of typical 

areas. Several needle-like precipitates can be found at close 

proximity of the G.B. region. Needles labelled ‘1’ and ‘2’ have 

grown penetrating into the matrix, whereas rods ‘3’ and ‘4’ both 

lay along the grain boundary. Needles ‘1’ and ‘2’ are likely -

Ni3Ti according to the similar BSE contrast to the adjacent 

matrix and the lower Cr and slightly higher Ti contents than the 

matrix. Rods ‘3’ and ‘4’ are more likely Cr-Mo carbides. EDX 

analysis confirmed that the dark-contrast particles along the 

grain boundary were Cr-Mo carbides. In addition, two similar 

Cr-Mo carbide precipitates were found inside the matrix grain 

on the right hand side.  

3.2 TEM observations and SAD analysis 

Figure 4 shows TEM observations of the alloy after solution 

treated at 1150
 
°C and aged 800

 
°C. Figure 4a is a BF image 

showing the G.B. region between two matrix grains. Most of the 

carbide precipitates in the G.B. region exhibit equiaxed granular 

morphology. The matrix grains are full of fine nodular-shape ’-

Ni3(Ti,Al) precipitates. The size of the ’-Ni3(Ti,Al) precipitates 

has been determined to be 17 ± 5 nm, out of 120 measurements. 

The SAD pattern shown in Fig. 4b is a [112]-axis reciprocal 

lattice of the face-centre-cubic (fcc)  and ' phases. The 

existence of the ' phase is demonstrated by the presence of the 

weak superlattice diffractions in the {110} and {210} planes. 

Note that, the diffraction spots of the ' precipitates are well 

aligned to the diffraction of the  matrix, suggestive of well-

defined coherency between  and ', whereas further precise 

XRD measurement of the coherency misfit will be discussed 

later. 

Figure 5 shows a low magnification TEM BF image of the alloy 

aged at 700 °C for 20,000 hours. Central area of the image 

shows the grain boundary between the upper and lower matrix 

grains. Unlike the carbides of the as-hardened alloy shown in 

Fig. 4a, the carbide precipitates exhibit various morphologies, 

e.g. needles, rods, and well-defined rectangles. In Fig. 6, the 

equiaxed carbide grains in the grain boundary served as 

nucleation sites of Widmanstatten-type structure. These 

observations give more details of the morphological changes, 

being consistent with the SEM observations shown in Fig. 2-4. 

The matrix grains in the upper part exhibit strong diffraction 

contrast and show the fine ' precipitates. More interestingly, the 

matrix grain in the lower part was in such an orientation with 

respect to the electron beam that the ' precipitates were 

contrasted to the surrounding  matrix predominantly by the 

mass difference owing to the minimised diffraction contrast. In 
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such imaging condition, the lighter ' phase gave rise to less 

inelastic electron scattering and hence showed brighter contrast. 

Consequently the size of ' precipitates can be measured 

precisely. The ' precipitate size was determined to be 78 ± 15 

nm, out of 120 measurements. Figure 7a is a BF image of the 

matrix area. The Moire patterns indicate the locations of some 

precipitates. The change in the matrix contrast indicates 

coherent lattice straining arising from the /' misfit. Figure 7b 

is a SAD pattern of the imaged area, in which distinct 

diffraction spots of the ordered ' phase are well aligned to the 

strong spots of the  phase. Similar to the diffraction 

characteristic shown in Fig. 4b, the diffraction analysis suggests 

that the ' precipitates still remained coherent to the  matrix. 

3.3 XRD measurement of the /' misfits 

XRD scans have been undertaken on most of aged samples. A 

typical scan is shown in Fig. 8a, in which the diffraction peaks, 

i.e. (111), (200), (220), (311) and (222) following a sequence of 

increasing 2 angle, exhibit various intensities. Gaussian 

numerical approaching has been applied on all the obtained 

diffraction peaks to separate the  and ' diffractions. An 

example of the peak separation is shown in Fig. 8b. It shows 

that, the original diffraction has been separated as two sub-

peaks, whereas the major one was from the  phase and the 

minor one from the ' phase. Table 4 provides the results of one 

sample as an example of the measurements. The constrained 

lattice misfits measured from the five diffraction peaks show a 

statistic value of (0.28  0.10)%. Table 5 lists a summary of all 

the measurements. When the alloy was aged at 700 °C for an 

increasing period from 3,000 to 20,000 hours, the misfit 

increased from 0.39% to 0.50%, suggesting a progressive 

increase of the misfit with the ' coarsening. The measurements 

also show that aging at higher temperature resulted in faster 

increase of the lattice misfit, i.e. comparing the values 0.45% 

(at 725 °C) and 0.39% (at 700 °C) of the 10,000 hour aged 

alloys.  

4. DISCUSSION 

Nimonic 263 is a precipitate-strengthened superalloy, in which 

both the carbide and intermetallic precipitates are designed to 

play a key role in the high temperature strengthening. This 

investigation has demonstrated that, the alloy exhibited good 

thermal stability in the long-term aging process although certain 

important structural evolutions took place both in the ’-

Ni3(Ti,Al) intermetallic precipitates and in the grain boundary 

carbides.  

The ’-Ni3(Ti,Al) precipitates have survived as the primary 

hardening phase of the matrix without transforming to the 

needle-like -Ni3Ti. And most of the ’-Ni3(Ti,Al) precipitates 

still remained coherent to the -Ni matrix. Moreover, the ’-

Ni3(Ti,Al) precipitates have grown from their original size of 17 

nm to 78 nm after the long-term aging, accompanying an 

increase of the constrained ’/ lattice misfit from 0.28% to 

0.50%.  

For precipitate-strengthening superalloys, the ’ 

transformation is thought to trigger embrittlement. Such a 

transformation has been reported in another precipitate-

strengthening superalloy, the Inconel 740 
5, 16, 30

. For Nimonic 

263, both thermodynamic calculation and experimental studies 

have found the formation of -Ni3Ti needles at aging 

temperatures higher than 750 °C 
8
. The current research 

confirms that, ’ was still the dominant strengthening phase after 

long-term aging behaviour at 700 °C and 725 °C. Moreover, the 

progressive growth of the ’ size was dominated by a diffusion 

controlled kinetics, which is consistent to previous reports in 

Nimonic 263 and other superalloys 
4, 5, 8, 9, 11-13, 31

. The excellent 

thermal stability promises a good precipitate-strengthening 

capacity for long-term applications.  

The constrained ’/ lattice misfit of Nimonic 263 has been 

experimentally measured here by using the combined X-ray 

diffraction and Gaussian peak-fitting techniques. The misfit 

values, between 0.28% and 0.50%, are within the similar range 

of other nickel based superalloys 
13, 18, 20, 22, 26

. These data 

confirm the feasibility of XRD technique in the challenging 

misfit measurement of nickel superalloys having low Ti and Al 

contents 
20, 27

. The small value of 0.28% in the as-hardened 

alloy and the subsequent increase to 0.40% – 0.50% in the long-

term aged samples indicate the dependence of the constrained 

misfit on the ’ particle size. In bulk samples, the constrained 

misfit can be considered as a sum of the un-strained misfit, 

determined from free-standing ’ particles and a ’-free matrix, 

and the elastic misfit arising from the elastic strain field to 

match a coherent ’/ interface 
17, 30

. Whereas the unstrained 

misfit is a function of the chemical compositions of ’ and  

components, the elastic misfit is directly related to the elastic 

strain arising from the coherent ’/ interface. For the as-

hardened sample, the small volume of each ’ particle was 

subjected to a high scale of elastic strain and consequently led 

to a smaller constrained misfit value. When the ’ size became 

bigger in the aged samples, the elastic straining should be less 

pronounced, so that the constrained misfit was more dominated 

by the intrinsic lattice property of the ’ phase, i.e. having its 

value closer to the unstrained misfit measured from free-

standing ’ particles. A similar relationship has been recently 

reported in another nickel base superalloy 
26

.  

Fitting current results into a lattice parameter-aging time curve, 

Fig. 9, shows that for specimens aged at 700°C, compared with 

lattice parameters of solution and hardened state, both ’ and  

had reduced lattice parameters at the early stage of aging (up to 

3000 hours) and then both increased their values with further 

increasing of the aging time. This is consistent with the previous 

published data 
17

.The initial reduction of γ and ’ lattice 

parameter may be due to further ’ precipitation, and the long 

range ordering effect occurring during aging. With the further 
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increasing of aging time (>3000 hours) at 700°C, the 

enlargement of ’ lattice is obvious, while the lattice parameter 

of γ almost remained the same after its initial increase, these 

perhaps mostly were attributable to the long range ordering 

effect. Moreover, results at 725°C indicate that there is more 

reduction in lattice parameter for both γ and γ’ at the aging time 

of 10,000 hours, compared with results at 700°C.  

The G.B. carbide precipitates exhibited complex morphology of 

various shapes after the long-term aging, Fig. 5-7. This 

indicates that the equiaxed granular carbides precipitated in the 

as-hardened alloy, i.e. after only a few hours of aging at 800
 
°C, 

still had further potential to lower the free energy by 

progressive change in the morphology. During long term aging 

at 700
 

°C and 725
 

°C, evolution of the grain boundary 

precipitates took place gradually to form various carbide shapes 

from rectangles, rods, to needles. In particular, an interesting 

phenomenon has been the formation of rod- and needle-like 

phases, as well as the initial Widmanstatten-type structure. 

Some of the rods and needles are Cr-Mo carbides, which are 

similar to those observed in a similar nickel based superalloy 

IN617 after long term aging (704 °C and 65,600 hours) 
4
. 

Meanwhile, the formation of -Ni3Ti intermetallic needles is 

consistent to those reported in literature 
14-16, 30

. Nevertheless, 

the needle-like precipitates are still in their initial form, i.e. 

distributed only along the grain boundaries, therefore should not 

result in a significant impact on mechanical properties.  

Moreover, it was noticed that, the nucleation of carbide needles 

was based on the surface of existing M23C6 phases, whereas the 

intermetallic needles were found to originate at a localised Ti-

rich region. However, further work is still needed to fully 

understand the kinetics of the needle phase precipitation.  

5. CONCLUSIONS 

The structural stability of Nimonic 263 superalloy exposed to 

long-term aging at elevated temperatures has been studied. 

Following conclusions can be made: 

1) The sample after solution treatment and age hardening 

exhibited microstructure consisting of equiaxial  

grains, with homogeneous ’ precipitates, and a 

network of blocky M23C6-type precipitates along G.B. 

The ’ precipitates showed an average size of 17 nm, 

being coherent to the matrix with a low constrained 

lattice misfit of 0.28%. 

2) After being aged at 700 and 725 °C for various periods 

up to 20,000 hours, ’ was still the predominant 

precipitate phase and mostly coherent to the matrix. Its 

average size has grown up to 78 nm, accompanied by 

an increase of the constrained lattice misfit to 0.50%. 

3) After aging, the M23C6-type carbides at the grain 

boundaries experienced an evolution in morphology, 

with the formation of rod- and needle-like precipitates 

as well as initial growth of Widmanstatten-type 

structure. These newly formed precipitates included 

both M23C6-type carbides and -Ni3Ti intermetallics.  

4) Above all, the structure characterisation on Nimonic 

263 has demonstrated decent thermal stability at the 

tested temperatures. 
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ANNEX TABLES AND FIGURES 

Table 1 Test conditions of Nimonic 263 samples, associated with Larson-Miller parameters. 

No. Temperature Time T(20+log t) 

 (T, °C) (t, hour)  

1 As-hardened - - 

2 700 3,000 22843 

3 700 10,000 23352 

4 700 20,000 23644 

5 725 3,000 23430 

6 725 10,000 23952 

 

Table 2 Normalised chemical composition (at%) of the labelled structural constituents in Fig. 2. 

Locations C Ni Co Cr Mo Ti Al Mn Fe 

matrix 11.2 44.4 17.3 20.0 2.8 1.7 1.4 0.6 0.6 

1 - needle 15.7 46.3 14.8 15.1 2.3 3.5 1.4 0.5 0.4 

2 - needle 13.1 45.0 16.6 17.9 2.9 2.2 1.4 0.5 0.5 

3 - needle 17.8 42.5 16.4 17.2 2.1 1.7 1.3 0.4 0.5 

4 - G.B. grey 13.5 46.4 14.0 17.2 2.3 4.1 1.4 0.8 0.4 

5 - Cr-Mo-C 22.1 29.8 11.2 30.0 3.5 1.7 0.9 0.5 0.3 

6 - G.B. black 14.4 41.8 16.0 21.3 2.7 1.8 1.3 0.4 0.4 

 

Table 3 Normalised chemical composition (at%) of the labelled structural constituents in Fig. 3. 

Locations Ni Co Cr Mo Ti 

matrix 52.1 18.4 16.3 6.6 2.1 

1 - needle 51.2 17.8 16.5 6.0 2.4 

2 - needle 52.2 16.8 14.7 6.0 2.7 

3 - rod 38.7 13.5 27.5 7.8 2.0 

4 – rod 46.4 16.3 20.8 7.7 1.7 

G.B. 34.8 12.3 33.7 8.1 2.4 

G.B. 25.6 11.3 45.4 9.2 1.3 

G.B. 44.2 14.7 21.3 6.1 3.8 

G.B. 34.6 10.8 34.5 8.9 2.0 

 

Table 4 Quantification of the Gaussian-fitted XRD results of the solution-hardening treated alloy. 

(hkl) 2 I I' d, nm a0, nm Misfit 

 (degree) (count) (%) (nm) (nm) (%) 

  '  '   '  '  

(111) 43.72 43.58 74242 13636 15.5 0.2069 0.2075 0.3584 0.3594 0.29 

(200) 50.85 50.62 11363 2572 18.5 0.1794 0.1802 0.3589 0.3604 0.41 

(220) 74.90 74.78 25757 9090 26.1 0.1267 0.1269 0.3583 0.3588 0.13 

(311) 90.91 90.58 6212 1666 21.1 0.1081 0.1084 0.3585 0.3595 0.28 

(222) 96.26 95.92 5151 755 12.8 0.1034 0.1037 0.3583 0.3593 0.27 

 



 8 Copyright © 2012 by ASME 

Table 5 Lattice parameters and constrained lattice misfit of the  and ' phases of the investigated samples. 

No. Aging treatment a0- a0-' Misfit 

  (nm) (nm) (%) 

1 As-hardened 0.3585 0.3595 0.28  0.10 

2 700 
0
C / 3,000 hours 0.3580 0.3593 0.36  0.08 

3 700 
0
C / 10,000 hours 0.3581 0.3595 0.39  0.10 

4 700 
0
C / 20,000 hours 0.3582 0.3600 0.50  0.20 

6 725 
0
C / 10,000 hours 0.3578 0.3594 0.45  0.08 

 

 

 

 

 

  
(a) 

 
(b) 

  
(c) 

 
(d) 

Figure 1 SEM images showing the microstructure of the aged 

samples. (a) Typical equiaxed granular morphology at low 

magnification; (b) 700 °C – 10kh aged alloy; (c) 700 °C – 

20kh aged alloy; (d) 725 °C – 10kh aged alloy. 

 

 
(a)                                                                      (b) 

Figure 2 (a) A high magnification back-scattered SEM image 

showing various structural constituents in the grain boundary 

region of the 725 °C and 10kh aged alloy; (b) EDX spectra 

acquired at typical regions as labelled in the BSE image.  
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Figure 3 A back-scattered SEM image of the 700 °C 20kh 

aged alloy showing needle- and rod-like precipitates in the 

grain boundary region, labelled ‘1 – 4’ and highlighted with 

black dots along the needle boundaries.  

 
(a) 

 
(b) 

Figure 4 TEM BF micrographs and SAD analysis of the 

1150°C-solutioning and 800
 
°C-aged alloy: (a) a BF image 

showing overall view of the matrix and grain boundary; (b) a 

SAD patterns of the matrix.  

 

 
Figure 5 A TEM BF image of the 700

 
°C-20kh aged alloy, 

showing an overview of the grain boundary and matrix 

morphology.  

 
Figure 6 A TEM BF image of the 700

 
°C-20kh aged alloy, 

showing initial growth of Widmanstatten-type precipitates 

from blocky carbide grains of the matrix grain boundary. The 

arrows indicate the locations of the Widmanstatten-type phase 

nucleation. 
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(a) 

 
(b) 

Figure 7 (a) A BF image and (b) the associated SAD pattern 

taken from the matrix region of the 700
 
°C-20kh aged alloy. 
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(b) 

Figure 8 XRD measurement of the /' constrained lattice 

misfit: (a) an XRD curve acquired from the 700
 
°C-20kh aged 

alloy showing the (111), (200), (220), (311) and (222) 

diffraction peaks; (b) an example chart showing the Gaussian 

peak-fitting.  
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Figure 9 Lattice parameters for  and ' as a function of aging 

time, at 700 and 725°C. 

 

 

 

 

 

 

 

 


