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MC decomposition and boride formation in a next generation 
polycrystalline Ni based superalloy during isothermal exposure at 900 ◦C 
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A B S T R A C T   

Detailed microstructural characterisation of phases present in a next generation polycrystalline Ni based su-
peralloy after thermal exposure at 900 ◦C was carried out, focusing on carbides and borides. Metastable M5B3 
precipitated after 32 h had a stoichiometry of (Cr0.7Mo0.2W0.1)5B3 with substitutions with Ni, Co, Nb and Ta. Fine 
M23C6 (a = 10.62 Å) was overgrown by metastable M5B3, as shown by rigorous TEM-SAD pattern investigation. 
The borides were eventually dominated by Mo rich M3B2, at the apparent expense of MC. Decomposition of MC 
was confirmed; it transformed sequentially to γ and then γ΄. The primary driving force for the MC decomposition 
was attributed to γ΄ precipitation, increasing its fraction to the thermodynamic equilibrium at 900 ◦C.   

1. Introduction 

Polycrystalline nickel-based superalloys, used for turbine discs, 
operate at high temperatures and high tensional pressures and must 
satisfy various physical and mechanical requirements, from oxidation/ 
corrosion resistance to monotonic tensile strength, creep and low cycle 
fatigue resistance and damage tolerance [1,2]. Superior mechanical 
properties are conferred by Ni3Al based γ΄ hardening precipitates, which 
have an L12 ordered structure, perfectly coherent with the disordered γ 
face-centred cubic (fcc) matrix, which is composed mainly of Ni, Co and 
Cr [1]. Thanks to multiple refractory metal alloying elements such as Ti, 
Mo and W, as well as interstitial elements carbon and boron, other 
phases than γ and γ΄ can precipitate and, in particular, carbides and 
borides have been found to play a significant role, although the exact 
role of those precipitates has proven controversial [2]. 

Primary carbides in Ni superalloys are often denoted MC where M 
stands for a metal atom, mainly Ti, Ta and/or Nb [1] dependent on the 
alloy composition, with a stoichiometric ratio of 1:1 for the metal to 
carbon ratio. They could form in the liquid phase [2,3]. Other carbides, 
such as M6C, M7C3 and M23C6, can also form during ageing and pro-
tracted periods of service exposure, often accompanied by the decom-
position of MC due to its thermodynamic instability at intermediate 
temperatures up to 1100 ◦C, decomposing to carbides with a smaller 
stoichiometric fraction of carbon [4]. Those reactions are often 
expressed as MC + γ→M23C6 + γ΄ [3] with Cr usually dominant in the 

M23C6 [1] and MC + γ→M6C + γ΄ [5] with Mo and W rich in the M6C [1]. 
Undesirable intermetallics can form by the reaction MC + γ→M23C6/

M6C + σ + η [6–9], where σ and η are described as (Mo, W)-rich with Ni 
and Co partitioning [10] and Ni3(Ti, Ta)-based [6], respectively, 
depending on the alloy composition and on the temperature. 

Boron was originally introduced as a grain boundary (GB) 
strengthening element, improving the creep-rupture resistance [1]. 
There is, however, an ongoing debate concerning the general effect of 
boron on polycrystalline Ni based alloys. Improved ductility and creep 
rupture life on increasing boron concentration [11] and the confirma-
tion of boron segregating to GBs [12,13] suggested an improved GB 
cohesion [14]. Recent research has attempted to rationalise the me-
chanical properties, including via post-mortem analyses of stress rupture 
tests [15], in-situ strain field analyses [16] and high resolution micro-
structural observations aimed at understanding both chemical segrega-
tion and precipitation at phase boundaries [15–19]. They discussed the 
role of borides [19], including interactions of these precipitates with 
GBs, particularly at serrations in the GBs [12,16]. 

There are in general three commonly observed borides in Ni super-
alloys: M5B3, M3B2, M2B depending on metal‑boron stoichiometry. In 
general, they have the same structure: a tetragonal with a similar lattice 
parameter to the a axis lattice spacing of 5-6 Å. Thanks to high resolution 
TEM, atomic column imaging and more detailed microstructural studies 
suggested rather complex structures [20,21]. M2B can exhibit multiple 
variants within the precipitate, separated by stacking faults containing 
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an orthorhombic structure [20]. During studies of high boron content 
alloys with coarsened M3B2 and M5B3, they were found coexisting 
within a particle, exhibiting a perfect matching of a tetragonal- 
tetragonal alignment [21]. The chemistry of the borides was studied 
by Gupta et al. [19]; fine M5B3 showed chemical inhomogeneities within 
a precipitate, interpreted as potential phase transformations [19]. 

A newly developed polycrystalline Ni superalloy: New Alloy has been 
studied here. Considering development in various future applications 
and components, its microstructural evolution after thermal exposure at 
900 ◦C was studied, mainly based on electron microscopy and focusing 
on carbides and borides. 

2. Methodology 

2.1. Material 

The Ni superalloy: New Alloy was prepared via a powder-route. It 
was polycrystalline with a chemical composition as specified in Table 1. 
It was thermo-mechanically treated at a temperature above the γ΄ solvus 
before being cooled rapidly to room temperature at a rate close to 100 
◦C/s to homogenise and to keep the microstructure as close as possible at 
the solution heat treatment temperature. The average grain size was 6 
μm in diamter. Some specimens were heat treated isothermally at 900 ◦C 
for 1 h (sample ID HT_1), 32 h (HT_32), 160 h (HT_160) and 480 h 
(HT_480). The as-quenched sample was designated HT_0. 

2.2. SEM imaging and analysis 

SEM imaging was carried out using a JEOL JSM 7000-F SEM with an 
electron acceleration voltage of 20 keV and using a backscattered 
electron (BSE) detector. Each sample was mechanically polished with 
the final polish using a colloidal silica solution. For quantitative image 
analyses, each sample was imaged at a fixed magnification of x2,500. 
Four micrographs were acquired per location and five locations were 
arbitrarily chosen. This resulted in 20 micrographs per sample. Image-J 
Software (Image-J) was used to quantify the fractions of the phases 
present. To obtain a consistent outcome, the grey scale to be counted 
was set above 180 and binary micrographs were produced using the 
automated function in Image-J. The pixel size was 38 nm. Particles <80 
nm in diameter, approximately 4 pixels, were discarded as noise. 

2.3. SEM-EDS and image analysis 

SEM-EDS mapping with an acceleration voltage of 10 keV was car-
ried out using the same sample polishing method as described in Section 
2.2, and an Oxford Instruments Ultim Max EDS detector and Aztec EDS 
Software: Ver. 6.0. Quantitative image analyses using the EDS maps 
were carried out to analyse the area fractions of the different phases 
present. After deconvolution of over-lapping characteristic x-rays, EDS 
maps for each element in the alloy were produced. Following the SEM 
image analysis, a fixed analysis method was applied to minimise un-
certainty, involving a fixed grey scale value and an automatic binary 
conversion using Image-J, before measuring the area fraction of each 
element. Deviations of each image analysis with 2σ: 95% confidence 
were calculated and regarded as corresponding errors in the results. 

2.4. XRD 

Powder XRD analyses yielding γ and γ΄ lattice parameters to support 

the TEM analyses were carried out using a metallographic samples of 
surface area of approx. 5x10mm. A Proto AXRD powder diffractometer 
operating at 30 kV/20 mA using Cu Kα radiation was used with a step 
size of 0.015◦ over a 2θ range between 70 and 100◦, including the (220), 
(113) and (222) reflections for the γ and γ΄ phases. For the lattice 
parameter determinations, peak fit analyses were carried out using 
OriginPro 2023b. Following estimations of the two peak summits per 
diffraction plane, automated peak fitting using a Gaussian distribution- 
based model was carried out to refine the γ and γ΄ peak areas and their 
positions. Analyses from the three sets of planes yielded three inter- 
planar spacings, hereafter d-spacings, per phase, followed by calcula-
tions of an average value of the lattice constants. 

2.5. TEM: Sample preparation, TEM and TEM-EDS 

A Philips TECNAI F20 TEM and a JEM 2100 TEM, both operated at 
200 keV, were used for TEM and STEM-EDS analyses, coupled with an 
Oxford Instruments X-MAX 40 detector with Aztec EDS Ver. 6.0. Camera 
lengths were calibrated using a standard Si thin film. For the general 
microstructural observations, samples were produced by machining and 
then polishing the material to a thickness of 0.5 mm and 0.2 mm, 
respectively. They were spark eroded into 3 mm diameter discs, which 
were subsequently subjected to twin-jet electro-polishing using a solu-
tion of 5% perchloric acid in methanol at − 30 ◦C at a voltage of 20Vdc. 
For site-specific sample preparation, a Thermo Fisher Quanta 3D FIB- 
SEM was used. Crystallographic analyses to determine a crystal struc-
ture as well as lattice parameters were carried out at least three different 
beam directions. At least two d-spacings of the two diffraction planes 
and the composing angle were measured. These were compared with the 
expected crystal structure and lattice parameter. The predicted and 
measured values differed by <2%. Experimental tilt angles were recor-
ded using a Gatan TEM double tilt holder and practical TEM thin foil tilt 
angles were calculated, following Ref. [23]. They were compared with 
theoretical values in accordance with the determined crystal structure, 
lattice parameters and the beam directions, which are shown in the 
figures between pairs of diffraction patterns with the experimental and 
the theoretical values presented respectively as a number followed by 
one in brackets. 

TEM-EDS k factor determinations were carried out for each alloying 
metal element following Ref. [24] with a ratio standard element of Cr 
Kα. Kα characteristic x-rays were generally used for the quantification, 
except for Ta M-series and W L-series. Counting statistical errors 
determined by Aztec were found to be <3 % for the major elements. 
Minor elements with concentration <2 at.% showed errors as large as 20 
%. 

2.6. Software aided simulations 

Thermo-Calc Software, hereafter Thermo-Calc, with data base TTNI8 
was used to predict phase fractions at given temperatures [25]. Manual 
iteration processes were carried out by excluding phases unidentified in 
experimental work in the temperatures of interest. TEM diffraction 
patterns based on the structures and chemistries were predicted by 
Crystal Maker Software SingleCrystal 4 [26]. Atomic distances/angles 
and visualisations of atom configurations within the unit cell were also 
predicted and displayed by the software. 

Table 1 
New Alloy chemical compositions in range in weight percent (wt%) [22].  

Wt% Ni Al Ti Cr Co Mo Nb W Zr Ta Fe Mn Si C B 

Min 
Bal 

2.9 2.6 11.5 14.6 2.0 1.2 3.3 0.05 3.5 0.8 0.2 0.1 0.02 0.01 
Max 3.3 3.1 13.0 15.9 2.4 1.8 3.7 0.11 5.1 1.2 0.6 0.6 0.06 0.03  
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3. Results 

3.1. Qualitative characterisations using SEM (-EDS) and XRD 

Fig. 1a to e show representative BSE SEM micrographs used for the 
area fraction analysis from HT_0: without thermal exposure through to 
HT_480: the longest exposure of 480 h. The number and size of the 
bright particles increased following thermal exposure. There is also an 
increasing tendency for the particles to inhabit grain boundaries. Area 
fraction analyses of the bright particles were carried out. The binary 
micrographs corresponding to Fig. 1a-e, used for the quantitative anal-
ysis, are shown in Fig. 1f-j. Fig. 2 shows a graph of the area fraction 
against the heat treatment duration. Each data point represents an image 
analysis. Considering the 20 micrographs, it was found that the area 
fraction of the bright particles increased parabolically from HT_0 to 
HT_480, from approximately 0.3% to 0.6%. 

Fig. 3 shows EDS maps for HT_0. The particles were (Ta, Nb, Ti) 
carbides, presumably MC primary carbides [1]. Figs. 4–6 show maps for 
the heat treated samples. The particles become rich in Mo and W which 
enrichment always coincides each other. Mo and W are known to 
partition in borides, so this may indicate the precipitation of borides, 
which are later confirmed in the following sections. Taking advantage of 
similar cross-sections and absorption coefficients of Nb L characteristic 
x-ray (the MC constituent) and Mo L x-ray (the putative boride con-
stituent), quantitative area fraction analyses were attempted, as shown 
in Fig. 7, after acquiring four individual EDS maps per heat treatment 
time. Mo enriched particles began to appear after 32 h (HT_32: Fig. 7b) 
and became predominant particles after HT_160: Fig. 7c. An average 
area ratio of Nb-L to Mo-L per annealing time was calculated. Combining 
the particle area fractions analysed via the SEM-BSE images with the 
EDS mapping image analyses resulted in Fig. 8a: quantitative area 
fractions of MC and borides up to 480 h. Phase balance predictions were 
conducted using Thermo-Calc with the chemical composition of 
measured values within the specification of Table 1; the presence of both 
MC and M3B2 at 900 ◦C was predicted, as shown in Fig. 8b (see the 
vertical dashed line). 

Powder XRD measurements of γ and γ΄ precipitates were carried out. 
(200), (131) and (222) reflections were chosen for analyses of γ and γ΄. 
After peak deconvolution, the evolution of peak area ratios between γ 
and γ΄ from HT_0 to HT_480 was measured, as well as the peak postions. 
γ΄ was found to have a positive misfit with the γ matrix at room tem-
perature; this is in line with other polycrystalline Ni based superalloys, 
such as RR1000 [27]. As shown in Table 2, the average lattice param-
eters between HT_0 and HT_480 vary from 3.585 and 3.890 to 3.594 and 
3.602 Å for γ and γ΄, respectively, with a typical error of 0.3% of the 
average values. 

3.2. TEM (-EDS) 

3.2.1. Site specific TEM sample: adjoining MC and boride using HT_32 
Fig. 9a and b show an SEM micrograph of adjoining MC (Ti, Ta and 

Nb rich) and the putative boride (Mo and W rich), found in the EDS 
mapping and a TEM bright field (BF) micrograph after FIB cross- 
sectional sample preparation, respectively. Fig. 9c and d show a 
STEM-BF micrograph and the same STEM-BF micrograph superimposed 
with EDS maps for Ti: blue and Mo: purple, respectively. MC was found 
to be round with the size of 500 nm as indicated by the arrow in Fig. 9c. 
Regarding the Mo and W rich, as pointed by the triangle it appeared as a 
rod shaped. It was also found to be enriched with Cr, as shown in Fig. 9e, 
which shows a filled (black) spectrum compared to a superimposed 
spectrum from the γ/γ΄ matrix drawn with a line. 

Crystallographic analyses of the boride particle using three different 
beam directions are shown in Fig. 10a-c using convergent beam electron 
diffraction (CBED). It is concluded that the particle has a tetragonal 
structure: a = 6.06 c = 3.23 Å (c/a = 0.533), characteristic of M3B2, 
(prototype V3B2: a = 5.73 c = 3.02 Å (c/a = 0.527) [28]). The same 
species was also confirmed using another precipitate with selective 
aperture diffraction (SAD) patterns as shown in Fig. 11. It was also noted 
that the boride adjacent to the MC did not exhibit a clear coherency with 
MC but showed coherency with the adjacent γ matrix as suggested by 
Fig. 10d, taken at the same tilt as Fig. 10c. The M3B2 was coherent with 
the lower side of γ as seen in the dark field (DF) micrograph in Fig. 10e 

Fig. 1. (a)-(e) Representative micrographs for the particle image analysis for HT_0, HT_1, HT_32, HT_160, and HT_480, respectively. (f)-(j) Corresponding binary 
images for the quantitative analysis for HT_0, HT_1, HT_32, HT_160 and HT_480, respectively. The bar in bottom-left in (a) shows a 10 μm scale-bar. 

Fig. 2. Quantitative SEM particle image analysis results, plotting each ana-
lysed micrograph. 
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Fig. 3. Representative EDS mapping results of HT_0.  

Fig. 4. Representative EDS mapping results of HT_32.  

Fig. 5. Representative EDS mapping results of HT_160.  

Fig. 6. Representative EDS mapping results of HT_480.  

H.S. Kitaguchi et al.                                                                                                                                                                                                                            



Materials Characterization 209 (2024) 113721

5

using the matrix 002 diffraction. The crystallographic orientation rela-
tionship between the M3B2 and the matrix was [1̄20]M3B2ǁ[1̄10]γ and 
(2̄1̄1)M3B2ǁ(1̄1̄1)γ. 

3.2.2. Thin foil TEM sample using HT_32 and HT_160 
After exhaustive TEM thin foil observations, the major precipitates 

found in the current study were MC and intergranular M3B2 (Mo, W and 
Cr rich) as described in the previous section. Finer particles, sized 
100–200 nm, were occasionally confirmed, as shown in Fig. 12 in 
HT_32. As shown in Fig. 12b, the Cr peak (5.4 keV) was higher than that 
in the M3B2 spectrum. Combining the identification of the boron Kα peak 
present in the EDS spectrum with the crystallographic analysis at 
different beam directions (Fig. 12c-f), the Cr rich fine particle was shown 
to be a tetragonal M5B3 type boride with a = 5.63 and c = 10.5 Å (c/a =
1.87) (prototype Cr5B3 (a = 5.446 c = 10.64 Å, c/a = 1.95)). Fig. 13 
shows another example of an M5B3 precipitate, found in HT_32. As 

shown in Fig. 13a, the particle was present at a triple junction of high- 
angle grain boundaries (HAGBs). Each micrograph was taken at the 
same tilt, which corresponded exactly to a zone axis B = [1̄30]M5B3, as 
shown in Fig. 13d. It was found the borides are coherent with the bottom 
γ matrix grain for which B = [001̄]γ, shown in Fig. 13a with a magnified 
micrograph in Fig. 13b. The SAD patterns showed an additional 
diffraction pattern shown in Fig. 13c (inset). A dark field (DF) micro-
graph, revealed a fine particle sized <100 nm embedded in the M5B3 
particle at the triple junction. 

Fig. 14a shows intensity profiles along (100) and (1̄00) for γ and γ΄ 
with circular data points, superimposed with the M5B3 (Fig. 13d) and the 
fine particle profiles from Fig. 13c with square and triangular data 
points, respectively. The top-right line profile was generated by simu-
lations and superimposed to the TEM-SAD experimental results. The 
simulated parameters were chosen as introduced below; γ/γ΄ parameters 
in HT_32 were deduced from Table 2 as aγ = 3.586 Å aγ΄ = 3.596 Å. The 
M5B3 lattice parameters were used from the TEM-SAD analysis from 
Fig. 12. M23C6, often confirmed in austenitic steels and superalloys, was 
also included in the simulation with the lattice parameter taken from an 
ICDD database, measured with a pure Cr of Cr23C6: a = 10.66 Å [29]. 
Fig. 14b shows a magnified part of Fig. 14a focusing on the range 
3.4–6.2 [1/Å*10], also with an extra x-axis labelled in real space at the 
top of Fig. 14b. Extraction of the experimental electron intensity and 
identifying the shape of the peak enable to study in a fine scale of peak 
positions. It is possible to identify that the (200)γ/γ΄ diffraction peak was 
at a smaller 1/d than (310)M5B3 and the nearby diffraction peak from the 
fine precipitate shown in Fig. 13c. The simulation agreed with the TEM 
SAD patterns in that γ/γ΄ have larger d values (smaller 1/d) than 
310M5B3 or 600M23C6 which had extremely similar values to each other 
of 5.62 and 5.63 [1/Å*10], respectively. Thus from past literature and 
combining our experimental TEM and powder XRD, it is confidently 
concluded that the fine particle identified at the triple junction was an 
M23C6 particle with a lattice parameter of a = 10.62 Å. In addition, it is 
determined that there is coherency between the matrix and the boride; 

Fig. 7. Area fractions of Nb and Mo from four individual EDS mapping sites 
from four samples of HT_0, 32, 160 and 480 from (a) to (d), respectively. 

Fig. 8. (a) Area Fraction analyses of the MC and the predicted borides after combining the SEM-BSE and SEM-EDS measurements. (b) Thermo-Calc predictions; γ and 
γ΄ were considered but not included in the figure. 

Table 2 
Summary of γ and γ΄ lattice parameter analyses by XRD using (202) (131) and (222) planes.  

Sample ID γ [Å] γ΄ [Å] 

(after analysing 202, 131 and 222 planes) (after analysing 202, 131 and 222 planes) 

Minimum Maximum Average Minimum Maximum Average 

HT_0 3.577 3.592 3.585 3.583 3.600 3.594 
HT_160 3.588 3.592 3.589 3.599 3.603 3.602 
HT_480 3.587 3.590 3.589 3.600 3.604 3.602  
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[1̄30]M5B3ǁ[001̄]γ and (310)M5B3ǁ(200)γ as well as (006)M5B3ǁ(020)γ. 
Using digitised electron intensity profiles from SAD patterns with the 

method and instrument applied in the current study in the range 1.5 < d 
< 2.0 Å, enables to discuss lattice parameters with an accuracy of two 
decimal points in angstroms. 

Fig. 15 shows an intragranular-type MC EDS map with HT_32. Fig. 16 
shows the MC under a TEM-BF in a two-beam condition as well as a SAD 
at a B = [001]MC. It is clear in Fig. 15 that MC is enriched with Ti. The Al 
map suggests γ΄ are present 20–50 nm away from MC, as indicated by the 
dashed line delineating the MC morphology. A slight increase in Cr, Co 
and some Ni can be found as indicated by arrows in Fig. 15d-f close to 
the centre of the MC particle. The region was further observed under 
TEM-BF (Fig. 16a), which showed a dark region (see an arrow) and 
appeared to be nano scaled particles coinciding with the Cr, Co and Ni 
enrichment. It was also found that the SAD pattern in the region showed 
double diffraction that suggested the MC contains another phase 
coherent with the MC fcc based structure. Considering the enrichment of 
Ni, Cr and Co in the region, it is suggested that the region could contain 
fcc γ. 

MCs appeared showing further evolutions after longer thermal 
exposure as shown in Fig. 17 taken from HT_160. Fig. 17a delineates 
multiple HAGBs, a twin boundary and an intergranular-type MC. It also 
shows an extremely fine grain sized <0.5 μm in width between the MC 
precipitate and the γ matrix: denoted as “Fine-G", divided by a low-angle 

GB (LAGB), which was confirmed with CBED patterns (Fig. 17b and c) 
from two regions A and B as indicated in Fig. 17d. By aligning the 
electron beam to B = [011]MC, as shown in Fig. 18a, it was found the MC 
and Fine-G was separated across (010)MC. EDS map results showed that 
fine γ΄ particles present within Fine-G mentioned above, precipitated 
homogeneously, considering their spherical morphology (see Al map in 
Fig. 18e). 

Quantitative chemical analyses of the metal elements, normalising to 
100%, in borides can be found in Table 3 for M5B3 (the top row) of the 
two individual particles and for M3B2 (the bottom row) for HT_32 and 
HT_160 after averaging >15 individual particle analyses for each heat 
treatment. Fig. 19 shows a concentration relationship between Cr and 
Mo for individual M3B2 particles after 32 and 160 h, shown as circular 
and square data points, respectively. Cr and Mo have an inverse rela-
tionship, suggesting they are substituting for each other. It is also 
confirmed that Mo concentrations for a given Cr concentration in 
HT_160 are higher than those of HT_32. 

4. Discussion 

4.1. Considerations on M5B3 in new alloy 

M5B3 type borides in Ni alloys have a tetragonal structure [30–32]. 
Space group of M5B3 have been discussed and many concluded to be I4/ 

Fig. 9. (a) SEM micrograph of a plan view of two (Ti, Nb, Ta) rich particles and one (Mo, W) rich particle found after EDS mapping in HT_32. (b) TEM-BF micrograph 
after cross-sectional FIB thin foil preparation. (c) STEM-BF micrograph of the sample. (d) Identical to (c) but with superimposed EDS maps of Ti and Mo. (e) 
Representative EDS spectrum of Mo and W rich particle (boride) in solid and the comparative EDS spectrum of γ/γ΄ in a line spectrum. 
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mcm [21,33,34], whose structure is schematically shown in Fig. 20. The 
structure should fulfil two conditions in diffractions, as follows [35,36]: 

h+ k+ l = 2n; (1)  

0kl h0l only when l = 2n. (2) 

M5B3 in the current study revealed the presence of some reflections 
which should have been forbidden, for example (101) as seen in Fig. 12c 
and e, breaking the second condition of eq.2. However, the first condi-
tion (eq.1) was fulfilled in each SAD pattern. The finding agrees with 
other studies, including Ref. [21, 33] which suggested that it was due to 
dynamic electron reflections [21]. This can be interpreted that those 
forbidden spots can appear by multiple reflections (summations of 
multiple lattice vectors). In the current study, for example in Fig. 12c, 
the forbidden reflections of 101, 011, 1̄01̄, and 01̄1̄ shown as bright as 
other permitted similar |g⇀| reflections, such as 110. It appears rather 
complicated to yield forbidden diffraction spots than a simple consid-
erations based on multiple reflections. 

The two M5B3 chemical analyses in Table 3 showed that the main 
metal elements were Cr, Mo and W with some trace elements, such as Ni, 
Nb and Ta. Dividing into groups of 1st, 2nd and 3rd row transition metal 
elements in the periodic table, suggesting nearly identical scattering 
factors for each other in each group in TEM, the composition can be 
calculated to be (Cr, Co, Ni): (Nb, Mo): (Ta, W) = 69:20:10. This can 
allow us to approximate the stoichiometry: (Cr0.7Mo0.2W0.1)5B3 with 
small substitutions of other alloying elements. Also significantly, the 
ratio can be rewritten as 14:4:2, considering the total metallic atoms in 
the unit cell of 20 in I4/mcm: M5B3. The fulfilling and breaking the two 
conditions can be due to a systematic atom-arrangement; potential 
ordering with metallic elements involved in the unit cell. This can be 
carried out mathematically by replacing two Mo atom pairs (in total 4 
atoms) and one W pair (in total 2 atoms) in an I4/mcm: Cr5B3 structure 
(Fig. 20), so that keeping diffraction spots of h+ k+ l ∕= 2n: absent, yet 
breaking (eq.2); this can be investigated by calculating each form factor: 
F for atom a for (h k l) reflection in the unit cell, written as below; 

Fa(hkl) = fa[cos2π(hxa + kya + lza)+ isin2π(hxa + kya + lza) ] (3)  

where fa is the scattering factor of atom a, occupying in (x y z) in the unit 
cell, that generates one form factor for one atom in the unit cell for a 
diffraction plane. 

Hu et al. [21] revealed atomic column images of M5B3 with parti-
tioning of Mo and W, substituting Cr. The micrographs showed a clear 
indication of darkened atomic columns lining with Wyckoff 4c (four 
cyan atoms in Fig. 20) and concluded Wyckoff 4c was occupied by 
smaller metal atoms, e.g. Cr. This might be further understood via the 
distribution of boron atoms relative to the Wyckoff 4c position where a 
metal atom in this position is closely packed with six boron atoms within 
distances of 2.5 Å (see dashed lines in Fig. 20b), whereas, only four 
boron atoms for Wyckoff 16 l, making a tetrahedron with 4 borons on 
each corner with an average Cr‑boron pair distance of 2.5 Å (see broken 
lines in Fig. 20b). Considering the smaller atomic radius of Cr (1.3 Å) 
than Mo and W (1.5 Å) [37], small atoms occupying Wyckoff 4c could be 
energetically favourable. Similar considerations can be applied to the 
Mo and W atom pairs which could favour avoiding these atoms in the 
metal-metal nearest neighbour (see a solid line in Fig. 20b). One of the 
suggested atomic configurations can be found in Fig. 21, including a 
three-dimensional view in Fig. 21b including visual support of the 
nearest neighbours explained above, together with simulated SAD pat-
terns in Fig. 21c-f, following the beam directions from Fig. 12. The 
investigation above was based on retaining eq.1 to be fulfilled rather 
than based on the consideration of a potential ordering structure with 
the alloying elements to fulfil eq.2. A corresponding alternative Space 
group, specific to Fig. 21, has not been identified. Further studies are 
required. Presence and absence of the diffraction spots in the current 
study might be also affected by transformations to other boride species 

Fig. 10. (a)-(c) Three CBEDs from three different beam directions of the Cr Mo 
and W rich M3B2 found in Fig. 9. (b) has an inset with a TEM dark field (DF) 
micrograph of the M3B2. (d) composite SAD of M3B2 and a matrix (γ) present 
below the M3B2 at the same tilt angle to (c). (e) TEM-DF of the γ matrix. 

Fig. 11. (a) TEM-BF micrograph of a boride particle found in HT_32. (b)-(d) 
Three SADs from three different beam directions of the boride, identified as 
M3B2 type, including a DF micrograph (inset) in (c). 
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Fig. 12. (a) TEM-BF micrograph of a fine precipitate found in HT_32. (b) EDS spectrum of the fine precipitate. (c)-(f) SAD patterns of the precipitate at four different 
beam directions. 

Fig. 13. (a) TEM-BF micrograph at a HAGB triple junction with an inset of a SAD pattern from the matrix, found in HT_32. (b) A magnified TEM-BF micrograph 
focusing on the particle. (c) TEM-DF micrograph of the fine precipitate, confirmed at the triple junction with its SAD pattern (inset). (d) TEM-DF micrograph of M5B3 
precipitate surrounding the M23C6 precipitate, with the M5B3 SAD pattern (inset). 

Fig. 14. (a) TEM SAD electron intensity profiles of M5B3, γ/γ΄ and M23C6 along (010)γ/γ΄ and (01̄0)γ/γ΄, combined with simulated intensity profile along the same axis 
as the experimental results (top-right). (b) A magnified figure of (a) between 3.4 and 6.2 [1/Å*10] with an additional x-axis labelled in real space at the top. 
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which is further discussed in the following sections that could cause 
diffraction artefacts [38,39]. Regardless, the study above with the 
combination of TEM-SAD and EDS quantitative analyses and detailed 
calculations in understanding with a unit cell could provide insights to 
understand site occupancies, as a complementary analysis to high res-
olution electron microscopy and/or three-dimensional atom 
tomography. 

4.2. Microstructural evolution 

4.2.1. MC and borides evolution 
In the as-quenched sample, the phases present were γ, γ΄ and MC, 

which evolved by the precipitation of intergranular-type borides at the 
apparent expense of MC, as shown in Fig. 8a, suggesting MC de-
compositions started during the 32 h exposure. Regardless of the anti- 
correlation between the boride and MC fractions, the driving force for 
decomposition of the MC cannot be explained by the boride precipita-
tion, because of the different chemistries of the two precipitates, which 

is also in line with the crystallographic coherencies of the boride with 
the γ-matrix regardless of the presence of the adjacent MC (Fig. 10), 
suggesting the borides nucleate at intergranular γ. After 32 h of the heat 
treatment, a crystallographic coherency between MC and nano-scaled γ 
particles was suggested by observing the double diffraction (Fig. 16). 
After further exposure to 160 h, the fine γ particles introduced earlier 
could coalesce and form a sub-micron grain, as noted “Fine-G" in 
Fig. 17–18, by forming an LAGB, containing fine and spherical γ΄ par-
ticles inside. Throughout the thermal exposures, γ΄ were rarely present 
adjacent to the MC, as shown by the EDS maps (Fig. 15). It is concluded 
that the MC decomposed to γ phase, with subsequent γ΄ formation within 
the newly formed γ (Fig. 18). 

At the early stage of the heat treatment, Cr rich M23C6 could 
nucleate. The precipitation could be also supported by the MC decom-
position as suggested elsewhere [4]. However, in the current study, 
M5B3 was thermodynamically more stable, which prevented M23C6 
growth, following the observation that fine M23C6 was surrounded by an 
coarser Cr-rich M5B3, as shown in Fig. 13. The observation above further 
reinforces discussion elsewhere [15] where systematic observations of 
alloys with different boron concentrations showed less or nil M23C6 in 
higher boron content alloys. 

The presence of both M5B3 and M3B2 in a system have been reported 
elsewhere [21,40]. In the current system, M5B3 is concluded to be 
metastable by the size; finer than M3B2 and identified only after 32 h. 
M3B2, on the other hand, is concluded to be more thermodynamically 
stable because the precipitates are coarser and more numerous than 
those of M5B3. M5B3 has a coherent plane with the γ matrix: (006)M5B3ǁ 
(020)γ (Fig. 13). M3B2 also has a coherent plane with the γ matrix: 
(001)M3B2ǁ(002)γ (Fig. 10d), suggesting that both M5B3 and M3B2 can 
grow with their c axis parallel to {100}γ. Hu et al. [21] observed stacking 
faults in an apparent boride particle along c: [001] axis in atom column 
imaging and concluded they were an intergrowth of the two borides 
M3B2 and M5B3, with similar a axis lattice parameters [21]. The inter-
growth and/or phase transformations from M5B3 to M3B2 along c: [001] 
axis, parallel to {100}γ, may occur in the current study. 

Fig. 15. (a) STEM-DF micrograph of MC particle using HT_32. (b)-(f) STEM-EDS maps of the MC with a small enrichment of Cr, Co and Ni (arrows).  

Fig. 16. (a) TEM-BF micrograph of the MC particle from Fig. 15. (b) SAD 
pattern from the MC and the Cr, Co and Ni enriched area, showing double 
diffraction with small satellite reflections around the main MC reflections. 

Fig. 17. (a) TEM-BF micrograph of HT_160, showing an MC precipitate is present close to a HAGB triple junction. (b)-(c) CBED Kikuchi patterns taken at the same 
tilt, but from the two different positions denoted A and B. (d) TEM dark field micrograph showing the regions A and B have different crystallographic orientations. 
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As shown in Fig. 19, the longer the thermal exposure the more the Mo 
concentration for a given Cr concentration in M3B2. It is worth noting 
that Mo can form Mo3B2 with the same Space group as V3B2 and with 
lattice parameters of a = 5.99 c = 3.14 Å (a/c = 0.524) [28], which is 

close to the current Mo rich M3B2 with deviations of <3% for each 
parameter, rather than V3B2, originally stated. In the current study, it 
can be safely concluded that metastable Cr-rich M5B3 are replaced by 
Mo-rich M3B2, although phase stabilities, particularly Mo3B2 in Ni based 
superalloys, have not been documented to the authors' knowledge. 
Further studies with theoretical predictions could provide insights, 
considering interactions with the matrix [41] as well as substitutions 
with other metals and interstitials within the precipitates [41,42]. 

Gupta et al. [19] found compositional gradients within an inter-
granular M5B3 type boride where Cr was enriched closer to the GB, 
which changed to W rich away from the GB. This was interpreted as a 
transformation to M2B [19] and predicted that the formation of borides 
was a diffusion-controlled process [19]. The lattice diffusion coefficient 
of Mo at 900 ◦C: 0.9*10− 16 m2/s in fcc Ni [43] is appropriate to inves-
tigate our M3B2 coarsening kinetics. In the current study, the M3B2 
coarsening kinetics can be estimated to correspond approximately to 
10− 23-10− 24 m2/s, (e.g. Fig. 11 (0.3 μm in radius)), which resulted in a 
significantly slower M3B2 growth rate than the Mo diffusion rate in Ni 
fcc. Similar practice can be carried out with a longer exposure time with 
the SEM micrographs, e.g. Fig. 5 of 160 h. Considering the fast diffusion 
along grain boundaries, the differences is even more significant. This 
could be further discussed by different types of diffusions, such as ones 
in an ordered structure and Mo diffusion in Cr, as well as phase 

Fig. 18. (a) TEM-BF micrograph of the MC in Fig. 17 tilted to a zone axis [011]. (b) STEM-BF micrograph with the same TEM tilt angle as in (a). (c)-(e) EDS maps for 
Ti, Ni and Al, respectively. 

Table 3 
Summary of chemical analyses for metal elements in atomic percent (at.%) in the borides. The two M5B3 results were from the previously described TEM studies. The 
M3B2 results were averages and errors, calculated at 2σ after analysing >15 individual borides per thermal history.  

Species / HT duration [at.%] Al Ti Cr Mn Fe Co Ni Zr Nb Mo Ta W 

M5B3 (Fig. 12) 32 h 0.11 0.22 64.2 0.09 0.24 1.89 2.99 0.10 0.38 20.0 0.61 9.15 
M5B3 (Fig. 13) 0.10 0.37 63.3 0.26 0.37 2.28 3.38 0.07 0.41 19.8 0.67 9.11    

M3B2 

32 h Nil 
1.2 38.7 

Nil 
0.4 3.2 5.1 

Nil 
3.3 34.4 1.3 12.0 

±0.2 ±2.3 ±0.2 ±0.5 ±0.5 ±0.7 ±1.6 ±0.5 ±0.5 

160 h Nil 
1.3 38.5 

Nil 
0.5 3.0 4.0 

Nil 
3.3 35.6 1.3 12.1 

±0.3 ±3.9 ±0.4 ±0.5 ±1.2 ±0.7 ±3.2 ±0.4 ±1.0  

Fig. 19. Cr vs Mo concentration for M3B2 after 32 h in circles and 160 h in 
squares with the counting statistical error in 2σ (95% confidence). 
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transformations involved coarsening phenomena. 

4.2.2. Driving force for MC decomposition 
The effect of thermal exposure on borides and M23C6 formations in a 

Ni superalloy: IN792 at 900 ◦C were studied by Du et al. [31], where 
borides precipitated at an early stage but M23C6 started forming and 
coarsened at the expense of shrinking borides [31]. Fig. 22 shows pre-
dicted phase balances of γ΄, MC and M23C6 in IN792 and New Alloy using 
Thermo-Calc, with the actual composition as mentioned earlier. IN792 
showed close to 20% more γ΄ fraction than New Alloy and importantly 
the major carbide was M23C6 at the 900 ◦C equilibrium. In each alloy, 
the onset of the MC decomposition in the ageing temperature regimes 
coincides with the precipitation of M23C6 and the discontinuous para-
bolic curve of the γ΄ fraction (arrows in Fig. 22). To investigate further, 
using Thermo-Calc, the driving force of the MC decomposition in IN792 
was investigated by changing the chemical compositions as shown in 
Table 4. AL792 decreased the Al concentration to the level of New Alloy 
by 0.33 wt%. In CB792, the carbon to boron ratio was changed to that of 
New Alloy, keeping the total fraction of carbon and boron identical to 
IN792. This was aimed at investigating the influence of borides, espe-
cially in relation to the metal elements Cr and Mo: the major partitioning 
elements in M3B2 and M23C6. Fig. 23a and b show the phase balance 
using the three alloys from Table 4, focusing on the onset temperatures 
of MC decomposition and comparing IN792 and AL792 and IN792 and 
CB792, respectively. There are clear differences in Fig. 23a in that MC 
became stable to a lower temperature: 949 ◦C in AL792 compared with 
970 ◦C in IN792 as a result of reducing the Al concentration. The ratio of 
the interstitial elements affected the carbide/boride phase fractions but 
hardly changed the MC decomposition temperature (Fig. 23b). This 
suggests a minimal influence of Cr and Mo partitioning in M3B2 on the 
M23C6 precipitation driving force and hence on MC decomposition. 
Similar practices with other γ΄ and MC partitioning elements, i.e. Ti, Nb, 
and Ta, were also examined. It was found that only Al, the main driving 
force to precipitate the Ni3Al based γ΄, showed such a prominent influ-
ence on the stability of MC. The prediction suggests MC decomposition 
can be affected by the γ΄ precipitation driving force. In the current study: 
New Alloy at 900 ◦C, based on our microscopy-based observations, the 
driving force for decomposition of MC cannot be explained by the 
driving force to precipitate other carbide species, e.g. M23C6. Following 
the phase balance predictions using a high γ΄ fraction superalloy close to 

the temperatures of interest: 900 ◦C, it can be concluded that the γ΄ 
precipitation driving force provides the primary driving force for the MC 
decomposition in the current study. As a summary, the flow chart below 
shows the sequence of the microstructural evolution found in the current 
system; the thick arrows indicate driving force to form phases; in some 
cases, with the aid of diffusion as indicated by thin arrows. Dashed lines 
indicate a reaction or phase which is extremely unstable and uncon-
firmed by SEM. 

Fig. 20. I4/mcm Cr5M3 crystal structure visualised from two axes of [001] in 
(a) and [010] in (b). For the visual aid of the three-dimensional structure, Cr 
atoms are distinguished with cyan (Wyckoff 4c) and blue and green (Wyckoff 
16 l). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 21. (a) A possible (Cr0.7Mo0.2W0.1)5B3 atomic configurations viewed from 
[010] axis. (b) the same as (a) but titled to illustrate the structure three- 
dimensionally with the nearest neighbours mentioned in Fig. 20b. (c)-(f) cor-
responding simulated SAD patterns from four beam directions, 
following Fig. 12. 
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5. Summary and conclusions  

• After 480 h of iso-thermal treatment at 900 ◦C, the total area fraction 
of MC and borides was found to be approximately 0.6% while 
Thermo-Calc predicted 0.76%. Metastable Cr-rich M5B3 precipitated 
after 32 h but was not confirmed after 160 h. Instead, Mo-rich M3B2 
became the major phase after γ and γ΄, higher fraction than MC that 

reduced its fraction by approximately 50% compared to the as- 
quenched condition.  

• The crystal structure of both M5B3 and M3B2 was tetragonal and the 
lattice parameters were determined as a = 5.63 c = 10.5 Å (c/a =
1.87) and a = 6.06 c = 3.23 Å (c/a = 0.533), respectively. The de-
viations from their prototypes: Cr5B3 and Mo3B2 were at a maximum 
of 3% for each parameter for the two species. Detailed SAD analyses 
including calibrations and digitised diffraction investigations, gave 
an accuracy of two decimal points in angstroms for a certain region 
of interplanar spacing.  

• M5B3 was found to be a chemical composition: (Cr0.7Mo0.2W0.1)5B3. 
Using the chemistry, a potential ordering within a unit cell was 
discussed, although this is an open discussion with future work.  

• M5B3 showed coherency with γ: (006)M5B3ǁ(020)γ . The c axis of 
M3B2 was parallel with the γ a axis. Provided that the metastable 
M5B3 transforms to, or intergrows [21] with M3B2, both borides can 
occur coherently along their c axes.  

• M23C6 (a = 10.62 Å) was thermodynamically unfavoured over M5B3 
and M3B2 which parabolically increased their fraction at 900 ◦C 
isothermal exposure. M3B2 coarsening had been considered to be a 
Mo diffusion-controlled process. However, the size of the M3B2 
precipitates was significantly smaller than a data of the Mo diffusion 
rate in Ni. This could be attributed to simultaneous chemical evo-
lutions within M3B2 such as Cr and Mo, as well as potential phase 
transformations from M5B3 to M3B2.  

• Decomposition of MC can occur, with a sequential process leading to 
γ and the subsequent precipitation of γ΄. The driving force of the MC 
decomposition was not attributed to other carbide formations. It was 
concluded to be primarily a γ΄ precipitation driving force in order to 
increase its fraction to the equilibrium in the system at 900 ◦C. 

Fig. 22. Phase balance predictions using Thermo-Calc, comparing the two al-
loys: New Alloy and IN792. For clarity, only γ΄, M23C6 and MC are shown. 

Table 4 
IN792 chemistry, taken from Ref. [31], and two modified model chemistries of AL792 and CB792 in weight percent (wt%).  

ID /wt% C B Al Ti Cr Mn Ni Zr Mo Ta W 

IN792 0.089 0.014 3.43 
3.92 12.6 8.99 

59.7 
0.03 1.97 5.25 3.98 AL792 3.10 60.1 

CB792 0.043 0.060 3.43 59.7  

Fig. 23. Phase balance predictions using Thermo-Calc for γ΄, M23C6, MC and M3B2 in the alloy systems introduced in Table 4. (a) comparison between IN792 and 
AL792. (b) comparison between IN792 and CB792. 
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