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Abstract 
Carbides and borides appear as minor phases in Inconel 100, although the 
carbon content (0.18%) is relatively high in comparison to other nickel-base 
superalloys. The material properties of this alloy depend on a number of in-
terrelated microstructural parameters, including the volume fraction of γ' to 
γ, grain size, elemental distribution, and precipitation of carbides and borides. 
This study presents a characterization and a failure analysis of Inconel 100 sam-
ples loaded to fracture at 760˚C and an examination of their fractography. Che- 
mical analysis, optical metallography, SEM and EDS were used for the cha-
racterization of the unusual areas of fracture that were found on the samples. 
The thermodynamic stability of TiC led to the conclusion that the possibility 
of creating very large, stable mono carbides, especially TiC carbide, during 
the production process is the reason for the short time to failure obtained in 
this work. 
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1. Introduction 

Nickel-base superalloys are by far the preferred alloys for jet engine and gas tur-
bine components that work at high temperature, with high and low cycle fatigue, 
under creep resistance and in hostile environments. These alloys are reinforced 
by precipitation hardening of a secondary phase in coherency with a metal ma-
trix and by secondary phases as carbides and borides at the grain boundaries. 
The gamma matrix, γ, is an FCC nickel-base nonmagnetic phase that commonly 
contains a high percentage of solid-solution elements such as cobalt, iron, chro-
mium, molybdenum, and tungsten [1]. Pure nickel does not show good me-
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chanical properties at high temperatures and has low creep strength. There are 
three factors that can explain the use of superalloys at very high temperatures: 1) 
the solubility of some alloying elements in the nickel matrix, such as cobalt, tan-
talum, tungsten chromium and others; 2) the tendency of aluminum and chro-
mium additions to form Al2O3 and Cr2O3 that improve corrosion at high tem-
peratures; and 3) the thermodynamic properties that create stable Ni3(Al, Ta, Ti) 
gamma prime, γ', at work temperatures as a precipitation hardening component 
[1]. The metallurgic thermodynamic aspects of these alloys must be very well un-
derstood in order to obtain the required properties for good performance. The 
gamma prime, γ', is required to display high-temperature strength and creep re-
sistance. This phase, created by a diffusion process during the heat treatment, is 
an intermetallic compound of nominal composition Ni3(Al, Ta, Ti), which main-
tains its stability over a wide range of stresses and temperatures. The morpholo-
gy of γ' precipitates in Ni-base superalloys forms a coherent mismatch in an FCC 
lattice. It is observed that when mismatches are around 0.5% and higher, γ' 
maintains a cuboidal structure, achieving high density in the matrix and im-
proving the creep resistance. In some alloys containing niobium, gamma double 
prime, γ'' is obtained, forming a Body Centered Tetragonal (BCT) Ni3Nb struc-
ture [2], which can be coherent with the gamma matrix. This phase is responsi-
ble for very high strength at low to intermediate temperatures, but it is unstable 
at temperatures above 650˚C. Most of the superalloys have low carbon content 
or even traces of carbon in the case of single crystal superalloys. Carbon is added 
mainly to reinforce the grain boundaries by carbides. The thermodynamic 
process involved in the formation of the carbides is very similar to the process 
during the formation of the γ' precipitates. The first carbides (MC) are the 
mono-carbides, where the element M may be titanium, tantalum, hafnium, nio-
bium or similar. During heat treatment and service, these MC carbides tend to 
transform and generate other carbides, such as M23C6 and M6C. This thermody-
namic process is carried out mainly at the grain boundaries during the heat 
treatment, but in some cases, also inside the grains [2]. These carbides are dis-
tributed heterogeneously throughout the alloy. TiC and HfC carbides are very 
stable compounds, and once they are formed it is very difficult to dissolve them 
in comparison to M(Cr, Fe, W, Mo and Co). M23C6 carbides are usually found at 
alloy grain boundaries as discontinuous particles, and have characteristic geo-
metric forms. The carbon composition of the alloy effects the above-mentioned 
formation. The MC carbides are the nucleons of the M23C6 and M6C ones and 
due to thermodynamic reasons form during the solidification and the cooling 
casting. MC carbides transform to other phases, such as M23C6 between 760˚C - 
980˚C and M6C between 815˚C - 980˚C, according to the equations: MC + γ → 
M23C6 or M6C + γ'. The morphology of these carbides strongly affects the prop-
erties of nickel alloys. On polycrystalline superalloys, the rupture strength is im-
proved by the presence of discrete carbides along the grain boundary. However, 
due to the fact that those carbides have brittle characteristics, the failure can start 
either by the fracture or by a discontinuity of the carbide/matrix interface. Car-
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bides of the type M6C form at grain boundaries, and less often in the form of a 
Widmanstatten microstructure [3] [4]. Widmanstatten microstructures are rarely 
reported in the literature in relation to M6C carbide in Ni-base superalloys, but 
have been reported as a defect named η [5]. This η phase, characterized as a 
Geometrical Close Packed (GCP) phase, is a compound Ni3Ti with a hexagonal 
close-packed (HCP) lattice (DO22). 

M6C carbides have a complex cubic structure, and are formed when the mo-
lybdenum and/or tungsten content is higher than 6 to 8 wt% in the range of 
815˚C to 980˚C. These carbides avoid grain growth and control the final grain 
size. Recent experimental research on the composition of carbides after creep has 
shown that the MC carbide was altered substantially, with the Ta content de-
creasing and the Hf and Zr contents increasing, suggesting a beneficial effect of 
Hf and Zr additions on the stability of MC carbides. By contrast, M5B3 borides 
were found to be microstructurally stable after creep and without substantial com-
positional changes. Borides at 850˚C were found to coarsen, resulting in some cas-
es into γ'-depleted zones, where, however, no plate-like phases or cracks were 
observed [6]. 

Topologically Close-Packed (TCP) phases are plate-like or needle-like phases 
such as σ and μ that may form for some compositions under certain conditions 
[7]. In some alloys, if the composition has not been carefully controlled, the un-
desirable phases can form either during heat treatment or, more commonly, dur-
ing service. The TCP precipitates can reduce rupture strength and ductility. Nickel 
alloys are prone to the formation of σ and μ phases, if the alloy contains a high 
level of elements like tantalum, niobium, chromium, tungsten, and molybde-
num. The occurrence of platelet phases in polycrystalline, Directionally Solidified 
(DS) and Single Crystal (SC) turbine blades, vanes, and integral wheels were in-
vestigated elsewhere [8]. Examples of platelet phases in turbine components 
made with low carbon PWA1480 (or PWA1483, AF56, or SX792), IN792 + Hf, 
lN939, lN6203, and GTDlll alloys were also reported [8]. For IN792 + Hf, IN939 
and GTDlll the phases formed internally, and for most of the alloys, the phases 
also formed by reaction with the ceramic shell or face coat, or from local segre-
gation. All of these alloys have 8 - 18 wt% Ti + Ta + Nb + Hf, compared to 2.3 - 
5 wt% Al. During casting, these elements may segregate to a platelet phase form. 
These phases were usually found in the as-cast condition. In some cases, the 
platelet phases were found after a deviated process that lead to the rejection of 
these castings [8]. A review of the literature showed little documentation on the 
occurrence of platelet phases, other than TCP phases such as s or µ. The platelet 
phases can usually be eliminated by process control, although the evidence sug-
gests that small amounts of the platelet phases can be tolerated in today’s turbine 
engines without degradation of mechanical properties. The η phase has an HCP 
structure that is coherent with the FCC matrix in the mutual planes (0001)//(111), 
but generally exists as large platelets which can extend across grains. In addition 
to a change in the lattice spacing, a shift of the atomic planes changes the stack-
ing sequence determining the γ or η phase. When the η phase precipitates from 

https://doi.org/10.4236/jmmce.2021.95029


D. Moreno et al. 
 

 

DOI: 10.4236/jmmce.2021.95029 435 J. Minerals and Materials Characterization and Engineering 
 

the matrix, there has generally been some reduction in the mechanical proper-
ties. These phases are basically Ni3Ti(HCP) or Ni3Nb(BCT) and defined as GCP 
[9]. 

On the other hand, the TiC carbide, which has high Vickers hardness (29 - 34 
GPa), relatively low density (4.91 g/cm) and a high melting temperature (3067˚C), 
is successfully synthesized through a process of producing carbon-coated tita-
nium, under vacuum conditions at 1450˚C [10]. The free energy to formation is 
∆Gt˚(TiC) = −44,600 + 3.16T within the temperature range of 298 - 1150 K, as 
reported in [11]. At a higher temperature range, between 2383 - 2593 K, the sta-
bility of this carbide, DGt˚(TiC) = −141,064 + 35.0T, improves and it is very dif-
ficult to decompound during a regular process of solidification and casting. This 
carbide can be created in Ni-base superalloys, and possibly does not dissolve dur-
ing the metallurgical process of production.  

Also, V2C carbide has high hardness (2660 knoop), a high density (5.77 g/cm3) 
and a 2820˚C melting point. Vanadium Carbide (VC) has a cubic phase and can 
be formed in the <111> orientation. Although VC is thermodynamically stable, it 
converts to V2C at higher temperatures. The free energy of formation of this 
carbide is ∆Gt˚(TiC) = −24,100 + 1.5T within the temperature range of 1180 - 
1370 K, as reported in [11]. Due to the mentioned characteristics of the carbides 
TiC and VC, and their high thermodynamic stability, they are formed in Ni-base 
alloy and have some probability to remain stable. Since Inconel 100 contains a 
low level of V, TiC is apparently the most stable carbide in comparison to other 
M(Ni, Cr, Co, Mo, Al, B and Zr)C carbides that could be created during the me-
tallurgic process and dissolved during the heating of the ingot before pouring it 
into the casting mold. 

Due to the high Cr/Ti/Al content, the two major phases present in IN100 are: 
ordered γ' (Ni3Al Type) phase embedded in a Face Centered Cubic (FCC) γ as 
the solid-solution. Carbides and borides appear as minor phases, although they 
have a relatively high carbon content (0.18%) compared to other Nickel base su-
peralloys. The material properties of IN100 depend on a number of interrelated 
microstructural parameters, including the volume fraction of γ' to γ, grain size, 
elemental distribution, and precipitation of carbides and borides. 

The current study presents a characterization and a failure analysis of Inconel 
100 loaded samples and an examination of their fractography. Chemical analysis, 
optical metallography, SEM and EDS were used for the characterization of the 
unusual areas of fracture that were found on the samples.  

2. Experimental Work 

The alloy characterized in this study is commercial Inconel 100 after quantitative 
chemical analysis by ICP-and light element analysis, as presented in Table 1. 
The samples were bond shaped, machined to 55 mm total length, 25 mm gage 
length, 4 mm diameter (6D) and 3/8'' UNC screw adapted to the grips. Some of 
the samples were heat treated as follows: 1080˚C for 4 hours and air cooled, and 
870˚C for 12 hours followed by air cooling. Some of the samples remained as  
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Table 1. Chemical compound of Inconel 100 (samples-BSEL Lab. and IN100 standard/MTS1001-section 2). 

Element Al B Co Cr Fe Mn Mo P Si Ti V Zr C Ni 

wt% 5.51 0.013 13.87 8.41 0.11 0.01 2.83 0.002 max 0.01 4.60 0.76 0.03 178 ppm Rem. 

Standard 5.0 - 6.0 0.01 - 0.02 13 - 17 8 - 11 0.3 max 0.02 max 2.0 - 4.0 0.015 max 0.2 max 4.5 - 5.0 0.7 - 1.2 0.03 - 0.09 180 ppm max Rem. 

Traces level of Bi, Pb, Te and Tl according to the standard. 

 
cast for comparison. The samples were cleaned and loaded to 590 MPa for rup-
ture testing at 760˚C and at room atmosphere. Optical metallography of the cross 
section of the sample close to the failed plane after the test rupture, as well as 
characterization and investigation of the failed surface, were carried out by opti-
cal microscopy and SEM-EDS techniques.  

3. Results 

In accordance with the rupture test for casting and production parts of Inconel 
100 (IN100 Standard/MTS1001-section 6.5) were submitted to 590 MPa at 760˚C 
up to failure. As-cast samples failed after a few hours (6 hrs.), and the heat-treated 
samples failed after 53 hours.  

Figure 1 shows SEM images of the fracture surface for the as-cast sample (a) 
and the heat-treated sample (b). The round contour of the samples diameter in 
the gage length can be observed. No major differences were found in the SEM 
fractography at low magnification. At higher magnifications of the SEM image 
and by investigation of the surface it was found that the heat treatment induced 
a moderate change in the structure that can be observed in Figure 2. Most of the 
surface in the as-cast sample is characterized by cross cleavages, brittle fracture 
and small remaining micro cracks, in parallel to the platelet structures. In the 
heat-treated sample the same effect was found, but less spread over the failure 
surface and many more areas with small dimples were found.  

Optical metallography of the samples preformed close to the cross section of 
the failure area showed “Chinese Scripture”, which is well-known for carbides. 
These microstructures are presented in Figure 3. There is a correlation between 
the findings from the SEM image of the fracture area and from the optical me-
tallography, according to the size of the so-called “Chinese Structure”, but the 
amount of carbides on the surface seen in the optical image do not represent the 
amount of platelet fractures and cleavage that could be observed in the SEM 
fractography. In Figure 4, fracture cleavage of both samples as-cast and heat-treated 
can be observed; the figure is focused on a selected area is to emphasize the un-
common fracture in the alloy. EDS chemical analysis was carried out on an as 
cast sample in the area of the cleavages, as shown in Figure 5. The results show 
high concentrations of Ti, V and some Mo on the cleavage surface, while the Al, 
Cr and Ni are absent in the cleavage area. Chemical mapping by EDS of the sur-
face that is shown in Figure 4(a) is presented in Figure 6. The main difference 
between Figure 5 and Figure 6 is the contrast between the platelet surface and 
cross section lines of the parallel platelet observed by chemical mapping, and  
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(a)                                        (b) 

Figure 1. SEM fracture are images showing the round contour of the samples: surface of the 
as-cast sample (a), the heat-treated sample (b). 

 

  
(a)                                      (b) 

Figure 2. SEM fracture areas: surface of the as-cast sample with platelet structures (a) and 
the heat-treated sample with less platelet structures and small dimple areas (b). 

 

  
(a)                                      (b) 

Figure 3. Optical metallography of the samples close to the cross section of the failure area 
(showing “Chinese Scripture”): as-cast sample (a) and the heat-treated sample (b). 
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(a)                                       (b) 

Figure 4. SEM image of selected area of the fracture: surface of the as-cast and heat-treated 
samples with platelet structures (a) and (b), respectively. 
 
when using the EDS technique. The results show that the parallel platelets have 
different ordinated chemical composition formed during the thermodynamic 
process that could be attributed to the spinodal decomposition in the thermody-
namic process. Although the carbon was measured in the EDS chemical mapping, 
its weight amount in the composition (0.18 wt%) was too low to enable localiz-
ing its distribution with good accuracy. By using an EDS line scan crossing the 
parallel platelets, better results could be obtained, as shown in Figure 7. The 
counts in the plot are in weight percent (wt%); the relation between the Ti peak 
and the C peak coordinate was calculated as two atoms of Ti for each atom of 
carbon. There is not a stoichiometric phase as Ti2C reported, but the mono-carbide 
TiC is well known and stable. Moreover, this is the only carbide of Ti that is rec-
ognized and known to be very brittle. One could assume that the concentration 
of 4.6 wt% of Ti in the alloy, is divided for the creation of a γ' phase as Ni3Ti and 
the creation of TiC, but, in fact, there is no rule of preference in the local amount 
of Ti in Inconel 100 from the thermodynamic point of view. The cleavage shown 
as a failure in Figure 5 and Figure 6 are the largest surfaces of the parallel plate-
lets, and they represent the lowest energy path for the cracks to be developed. 
Small areas around the cleavage are shown as dimples and some are shown as 
brittle cracks.  

4. Discussion 

Inconel 100 has good mechanical properties at high temperatures. As-cast Inco-
nel 100 stress rupture at 760˚C and under 690 MPa resisted up to 200 hours [12], 
while in the current failure analysis, as-cast samples resisted no longer than 6 
hours. Only after heat treatment the resistance of the material improved and 
reached failure after 53 hours, which is very low in comparison to what would be 
expected for this alloy. Characterization of the fracture surfaces, indicated brittle 
fracture with small areas of dimples on the failure surface, but cleavage areas 
dominated, mostly in the as-cast sample, but also in the heat-treated sample. 
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Figure 5. SEM platelet structures image under EDS chemical mapping of the surface for 
the as-cast sample. The platelet zone showed high concentrations of Ti, V and Mo, but no 
Al and less Cr and Co. 
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Figure 6. SEM image of cross-platelet section structures under EDS chemical mapping on 
as-cast sample.  
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Figure 7. EDS line scan of the cross platelet structures in Figure 4(a). The counts of the 
Ti and C peak upwards, while the Co, O, Al and Cr counts peaks downwards. No major 
changes were found on the line scan of Ni. The cross section lines showed high concen-
tration of Ti, V and Mo, but no Al and less Cr and Co. 
 

Chemical mapping and a line scan of the fracture surface indicated that the 
platelets act as a source of the localized cleavages, and are predominantly rich in 
Ti and C, as is shown in Figure 7. This leads to the conclusion that the weakness 
of the material was caused by the high amount of large carbides. These carbides 
are assumed to be TiC. TiC carbide, which has a relatively low density (4.91 g/cm) 
and a high melting temperature (3067˚C), has a free energy to formation that 
can be calculated by DG(TiC) = −44,600 + 3.16T within the temperature range 
of 298 - 1150 K, as mentioned in the Introduction [11]. This carbide can be created 
in Ni-base superalloys, and possibly is difficult to dissolve during the metallur-
gical process of production due to its high thermodynamic stability. The size of 
the TiC that was shown in Figure 3 is larger than 100 µm, which is larger than 
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the TiC reported elsewhere for Inconel 100, whose dimensions are only a few 
microns [5] [6] [13]. The size of the carbides dispersed in the material could not 
be attributed only to the casting process. The nominal size of the TiC created 
during solidification according to the metallography results reported over the 
years is less than 20 µm, and we assume the kinetics of formation and the local 
concentrations of the reaction elements are the main factors that affect to the 
size and shape of the carbides. Recently, the morphology of MC carbide has been 
observed to vary with melt heat treatment temperature in K465 nickel base su-
peralloy which had been re-melted in a DTA (differential thermal analysis) in-
strument [14]. 

In specific cases, the stable carbide does not dissolve completely during the 
melting stage, prior to pouring the liquid metal, and it flows directly to the mold 
as small particles to be grown subsequently during the solidification. During the 
solidification, those carbides act as nuclei and enhance their size to over 150 µm, 
as was observed in the images in this study. It would seem that much more pre-
caution should have been taken during the melting at the proper melting tem-
perature to assure the fully liquid phase of the ingot.  

5. Conclusions 

This study presents a characterization and a failure analysis of Inconel 100 under 
a 760˚C and 690 MPa test to fail. The as-cast samples resisted no longer than 6 
hours, while after heat treatment they resisted 53 hours, which is low compared 
to the expected duration for this alloy. Fractography examination, chemical analy-
sis, optical metallography, SEM and EDS were used for the characterization of 
the unusual areas of fracture.  

Most of the surface in the as-cast sample is characterized by cross cleavages, 
brittle fracture and small remaining micro-cracks, parallel to the platelet struc-
tures. In the heat-treated sample, the same effect was found, but less spread across 
the failure surface and many more areas with small dimples. 

While it could be assumed that the concentration of 4.6 wt% of Ti in the alloy 
would be divided for the creation of γ' phase as Ni3Ti and the creation of TiC, it 
appears that in Inconel 100 alloy there is no rule of preference in the local amount 
of Ti from the thermodynamic point of view. 

In specific cases, the stable carbide does not dissolve completely during the 
melting before pouring the liquid metal, and it flows directly into the mold as 
small particles to be grown later during the solidification. 

The short resistance reflected by low the experiment time to failure of the sam-
ples is attributed to the large TiC mono carbides that were found in the fracture 
plane and in the metallographic cross-section. 
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