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A B S T R A C T   

The effect of Mo2C secondary carbide on the oxidation resistance of (Ti0.93W0.07)CN0.3-20%Ni cermet was 
investigated using DSC-TG, isothermal oxidation, XRD, and SEM/EDS characterisations. Adding Mo2C secondary 
carbides to (Ti, W)CN cermets is one of the methods used for improving their mechanical properties. However, 
Mo2C secondary carbides bring a detrimental effect to oxidation resistance. The isothermal oxidation results of 
the samples at 750 ◦C possessing 0% and 2% MO2C follow the parabolic law, while in the samples containing 5% 
and 8% Mo2C, the rate of oxidation and the spallation of the oxide scale increased significantly. The thickness of 
the oxide layer in the cermet containing 5% of Mo2C increased three times, whereas the mass per unit area of the 
detached oxides in the 8% Mo2C specimen dramatically increased up to 100 times. The investigations revealed 
that the increase in the amount of W and Mo on the cermet material, as well as the formation of a multi-zone 
oxide layer, are the main reasons for oxide phase propagation.   

1. Introduction 

With the development of demanding materials of better mechanical 
properties, new machining tool materials are required in many indus
trial machining processes [1–4]. Despite the efforts for improving the 
properties of WC-based cermet materials, they are not still able to meet 
the required properties, including hardness and oxidation resistance 
during operation [5]. Ti(C,N) cermet materials have been a suitable 
alternative to tungsten-based cermets for machining applications such as 
high-speed milling for finishing operations of stainless and carbon steel 
parts. For the past ten years, there has been a rapid rise in the efforts to 
modify the properties of the Ti(C,N) cermets [6–8]. Among these, 
studies focusing in the influence of refractory elements such as Tung
sten, Tantalum, Niobium, and Molybdenum were substantial. Signifi
cant enhancement in mechanical properties develop a core-rim 
microstructure after the sintering could be achieved [9,10]. Secondary 
carbides such as WC, TaC, NbC, and Mo2C restrict the grain growth 
during the sintering process at high temperatures, improving the me
chanical properties [11,12]. For instance the modification of Ti(C,N) 
cermet material by adding WC has been successful in improving both 
fracture toughness and hardness [13,14]. 

On one hand, studies on the properties of different binders were also 
conducted for this type of cermets. Generally, nickel metal has been 
introduced as the conventional binder in Ti(C,N) investigations. 
Recently, researchers have reached impressive achievements on car
bonitride cermets by adding Mo2C to (Ti,W)C,N cermets [15,16]. It has 
been found that the hardness of (Ti0.93W0.07)CN0.3-Ni cermet could in
crease from 12.7 to 13.9 GPa by adding 8% of Mo2C without a signifi
cant drop in fracture toughness [16]. However, these researchers have 
only focused their research on the cermets’ microstructure, hardness, 
and fracture toughness. Nevertheless, the oxidation resistance of those 
materials has not yet been reported, as an important property to 
communicate since it also accounts for the good performance of the 
material in service. According to the published reports on Ti(C,N)-based 
cermets with the composition of Ti(C,N)-WC-Mo2C-NbC-10%Ni-10%Co, 
Ti(C,N)-WC-Mo2C-NbC-NiCr-10%Ni-10%Co and [10] (Ti,Ta) 
C0.5N0.5-20%Co [17], these exhibited relatively high oxidation resis
tance above 600 ◦C, and their mass gain curves obey the parabolic 
evolution [10]. On the other hand, WC-based cermet materials above 
650 ◦C show lower oxidation resistance, and their oxidation curves 
follow a linear evolution [10,18]. Meanwhile, several studies have been 
accomplished to improve the oxidation properties of Ti(C,N) cermets by 
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introducing other elements for improving their performance in the 
temperature range of 700-800 ◦C [5,19,20]. The primary importance of 
these articles is that the increase in temperature due to the application 
conditions can reduce the tool life. The investigations regarding 
increasing the hardness and mechanical properties of (Ti,W)CN-Ni 

cermets by adding Mo2C can be completed by examining the effect of 
this additive on oxidation properties. As mentioned above, hardness and 
oxidation resistance are both essential in high-speed machining appli
cations. Despite of this interest and to the best knowledge of the authors, 
no studies regarding the oxidation behaviour of (Ti0.93W0.07) 
CN0.3-Mo2C-Ni cermets, which displayed improved mechanical proper
ties have been reported in literature. 

Therefore, the present research paper aims to investigate the 
oxidation resistance of (Ti0.93W0.07)CN0.3-(x)Mo2C-Ni cermets, with 
different percentages of Mo2C additions (x = 0, 2, 5, 8 wt%). In this 
regard, the cermets were isothermally tested for different times in an 
oven, their mass gain was continuously measured, and the amount of 
spallation of the oxide scale was compared. The surface and cross section 
morphology of the oxidised zone of the coatings was deeply charac
terised and the oxidation kinetics discussed. 

2. Experimental details 

(Ti0.93W0.07)CN0.3-20%Ni based cermet was synthesised according to 
the optimal method described in our previous study [15]. Herein, 
different cermet materials were produced via different amounts of Mo2C 
secondary carbide (see Table 1). Disc type samples with a diameter of 10 
mm were produced via uniaxial cold press under the pressure of 125 
MPa. Then samples were sintered in a hot press set-up with optimal 
conditions (pressure of 0.13 Pa at 1510 ◦C for 1 h in a graphite mold). 
The sintering was done at this temperature since lower temperatures 
results in weak interfaces (between binder and carbides) and improper 
mechanical properties [15,16]. Thermogravimetric analysis-differential 
scanning calorimetry (TG-DSC, STD Q600 V 20.9) characterisations 
were conducted to continuously measure the mass changes. Also, the 
isothermally oxidation mass-gain measurements were performed at 
750 ◦C for 50 h. The mass changes (including oxide spalls) were 
measured by using an AND balance with the preciseness of 10− 1mg. 
Following oxidation, the detached oxides were inspected by an X-ray 
diffractometer (XRD) with Cu-Kα radiation. Up-surface and cross section 
of specimens were observed by scanning electron microscopy (SEM, 
MIRA TE-Scan) equipped with energy-dispersive X-ray spectroscopy 

Table 1 
Samples designation and chemical composition.  

Sample designation Chemical composition (%wt) 

M0 (Ti0.93W0.07)CN0.3-20%Ni 
M2 (Ti0.93W0.07)CN0.3-2%Mo2C-20%Ni 
M5 (Ti0.93W0.07)CN0.3-5%Mo2C-20%Ni 
M8 (Ti0.93W0.07)CN0.3-8%Mo2C-20%Ni  

Fig. 1. Evolution of the grain size of the produced specimens as a function of 
the Mo2C wt.%. 

Fig. 2. SEM image and electron dispersive spectroscopy analysis conducted at the morphology of the surface of the M8 sample.  
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(EDS) before and after oxidation. The calculated average grain size of 
initial microstructures was determined by surveying at least 10 SEM 
images. 

3. Results and discussions 

3.1. Cermets’ initial microstructure 

Fig. 1 shows variation of the grain size of the studied cermets as a 
function of the Mo2C concentration. In the chart an insert of the 
microstructure of each specimen is provided. As can be observed, the 

grain size of the specimens decreased almost linearly with the increase 
of Mo2C concentration from 0.38 μm for the M0 specimen to a minimum 
value of 0.24 for the M8 specimen. This result is consistent with previous 
research in which the addition of Mo2C caused the grain size refinement 
[11]. It has been found that secondary carbides with low solubility in the 
melted binder such as Mo2C can lead to restrict increasing grain size 
during sintering of carbonitride cermets [16]. 

Furthermore, SEM-EDS examinations showed that compositional 
gradient formed in the microstructure of the specimens. Others have 
shown that these so-called core/rim structures are developed in the Ti(C, 
N)-based cermets as a consequence of various sintering steps [10]. A 
similar pattern of results was obtained in analysing the initial micro
structure of specimens in this investigation. Fig. 2 shows the EDS anal
ysis conducted at the two regions possible to distinguish on the material 
microstructure (grey regions and white areas) for the M8 sample, 
representative of all the specimens. From the results, it is clear that in the 
rim zone adjacent to the binder (point A), is a phase rich in Ti, W, and 
Mo is formed. This result corroborates prior studies wherein the segre
gation of metal elements of carbides has occurred at the rim region due 
to different diffusion coefficients [12,15]. However, several EDS ana
lyses of binder showed that significant amounts of tungsten and mo
lybdenum dissolved in the nickel binders (Fig. 2). This result goes 
beyond previous reports [15], showing that in addition to the presence 
of molybdenum in the rim, the segregation of this element into the 
binder also occurs. The results also revealed that in the Mo2C-containing 
samples, a substantial amount of tungsten was dissolved in the binder 
(See EDS of point B). 

3.1.1. Oxidation behaviour 
The data of TG-DSC examinations of Mo2C-containing cermets are 

presented in Fig. 3. The DSC results of all specimens are all similar, 
suggesting that the phase stability of the cermets is not effectively 
influenced by Mo2C addition. However, the TG curve shifted to the 
higher values and the mass gain at 800 ◦C increased through the addi
tion of Mo2C. This clearly revealed that the addition of Mo2C reduced 
the oxidation resistance of the cermets. As the temperature increases, 
the slope of the TG curve decreases gradually suggesting that the 
oxidation of this cermet can be considered a multistage process in non- 
isothermal conditions. In previous research, it has been mentioned that 
the conversion of anatase-TiO2 to Rutile-TiO2 might be the reason for 
this behaviour [21]. Another explanation is in the very initial stage of 
oxidation, TiO2 is a thin layer, and the interface reaction control the rate 
of oxidation. However, with progress in the oxidation process, diffusion 
in a relatively thick oxide layer control mass gain manner [22]. There
fore, the rate of oxidation decreased gradually. 

In TG curves of non-oxide ceramics, the increase in weight is affected 
by oxygen incorporation, and the decrease in weight can be considered a 
result of the removal of moisture and gases created by oxidation re
actions such as CO, H2, Ti(OH)4, etc. In other words, gas-solid interface 
reactions including oxidation and volatilization occur at high tempera
tures in these ceramics. As a result of the oxidation reaction of carbides, 
CO gas can be created, and oxidation with water vapor can lead to the 
release of H2 gas or other volatile products such as Ti(OH)4 [22]. The 
interaction between these two mechanisms in specimens M2 and M5 
(Fig. 3-(a) and (b)) has caused a slight weight loss in the early stages and 
fluctuation in the curve. However, in sample M8 (Fig. 3-(c)), where the 
oxidation rate is much higher, the phenomena of oxygen incorporation 
is dominant. Consequently, the weight loss resulting from removing 
oxidation gases has not been observed. 

To get a better insight about oxidation resistance, isothermal 
oxidation tests were conducted. The aspect of the surface of the oxidised 
specimens exposed at 750 ◦C for 50 h are shown in Fig. 4. The pro
gressive increase of the amount of yellow oxides grown in the surface of 
the base material with Mo2C additions, clearly reveals a progressive loss 
of oxidation resistance of the base material. In addition, increasing the 
amount of Mo2C to ≥5% caused a significant increase in detaching of 

Fig. 3. DSC-TG curves of Mo2C containing cermets (a) M2, (b) M5, and (c) M8 
with the temperature increasing up to 800 ◦C in an air atmosphere. 
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the oxide scale. 
The isothermal oxidation resistance curves for the different speci

mens tested at 750 ◦C for 50 h are displayed in Fig. 5. The results show 
that the total mass gain in samples containing 5 and 8% Mo2C (yellow 
and grey curves, respectively) had increased sharply at the early stage of 
oxidation and then became constant. The rate of mass gain due to the 
oxidation in samples M5 and M8 is so high that the increase in mass in 
samples M0 and M2 is not precipitable in a single graph. Therefore, the 
M0 and M2 curves are presented in a separate graph in Fig. 5-b. In this 
figure, the equations that arise from the parabolic behaviour evolution 
of the curves (typical equation y = axb (R2 > 0.98), representing the 
parabolic kinetics in the form of Δm = ktn) are also shown. The expo
nential coefficient of specimens M0 and M2 (the values about 0.4) are 
very similarly to that of typical Ti(C,N) cermets [10]. The oxidation rate 
constant was 2.89 × 10− 5 and 1.5 × 10− 4 for specimens M0 and M2, 
respectively. This constant in Mo2C-containg specimen is higher 
approximately 10 times suggesting that the mass gain increased 
remarkably. However, the mass gain trend in samples M5 and M8 does 
not match the parabolic evolution, even with the removal of large 
amounts of early time data (R2 < 1). 

The results show that after only 3 h, the oxidation behaviour of 
samples M5 and M8 had become entirely different, and the oxidation rate 
was significantly increased. Fig. 5-c also shows the increase in mass of 
the detached oxide of each specimen, which was precisely collected and 
weighed. Similarly, a significant difference is evident in these curves 
when comparing samples M5 and M8 with samples M0 and M2. The mass 
of detached oxides in M8 is almost 100 times higher than that of M0. The 
results of Fig. 5 are consistent with visual observations of the samples 
dealing with the amount of detaching oxide scale in Fig. 4. The very 
close matching of the curves of total mass gain and mass of the detached 
oxide indicates that the principal and controlling factor in the oxidation 
kinetics was the stripping of the oxide products from the samples. Weak 
adhesion and spallation of the oxide layer, particularly in M5 and M8 
samples has intensified the oxidation so that after about 20 h, almost 
equivalent to the total weight added due to oxidation, the oxide products 
are separated from the cermets. The formation of pores and cracks and 
the exposure of the substrate to air due to the separation of the oxide 
scale causes the formation of faster penetration paths for anions and 

cations to diffuse which consequently accelerates the oxidation process 
[23]. The increase in the oxidation rate ceases after ~5 and ~20 h for M5 
and M8 samples, respectively. It seems reasonable to assume that in 
instances with high Mo2C addition, in the early stages, the selective 
oxidation of elements has changed the composition of the oxide layer; 
and as a consequence, the spallation of oxides has decreased. This 
conjecture, which explains the changes in the oxidation curves, can be 
verified by the micro-structural studies of the oxidised surface, which is 
discussed in the next section. 

3.2. Oxidised surface 

Fig. 6 shows the images of the oxidised surface of the reference M0 
sample without Mo2C additions. It can be seen from the figure that the 
oxidised surface of this sample is not uniform and that it consists of two 
regions. Part of it has a yellow colour, and the other part is grey (Fig. 6- 
a). The fact that the SEM image of the sample with the backscatter 
electron detector (which is affected by the atomic number) has two 
zones, shows that the two regions with different colours observed in the 
actual image have two different compositions. Moreover from Fig. 6-(b) 
and (c), it is evident that the morphology of the two regions is also 
different. EDS analysis from one of the hillocks created at the oxide layer 
in the side zone (point A) shows that the area is rich in nickel oxide and 
has a small amount of Titanium oxide (Fig. 6-b). In contrast the analysis 
performed on one of the hills in the oxide layer in the second area (point 
B) shows that the amount of titanium oxide in this area increased 
considerably (Fig. 6-c). 

The colour change from grey oxide in the first zone to yellowish 
oxide in the second zone corroborates the formation of high amounts of 
titanium oxide, which is usually pale yellow [24]. Since the samples 
were disc-shaped and were in contact with the container from the sides, 
it seems that the difference between the middle of the sample and its 
edge was that the middle was more exposed to air and oxidation. It is 
worth noting that the piece was taken out of the container for each 
weight measurement. Therefore, the possible rotations caused the 
oxidation to be slower at all the circular areas of the cermet edge than at 
the central region. This uneven exposure of the sample here can be 
worthwhile for the interpreting of the oxidation process. Considering the 

Fig. 4. A view of different specimens after oxidation at 750 ◦C for 50 h.  

Fig. 5. Isothermal oxidation curves of the specimens tested in air at 750 ◦C for 50 h. (a) mass gain of all specimens (b) magnified mass gain curves of specimens 
contained 0 and 2% Mo2C with curve fit results, and (c) mass of detached oxides versus time. 
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points mentioned above, the results demonstrate two things: i) First, 
since the edge area of sample M0 was less exposed than the center, due to 
contact with the container, it seems that this area represents earlier 
stages of the oxidation process. Meanwhile, the composition of another 
part of the specimen, which is more oxidised depicts the final stage of 
oxidation. Therefore, it can be concluded that the oxidation of these 
cermets starts with the formation of nickel oxide and is completed by 
further oxidation of titanium oxide. ii) Second, since the oxidation 
surface in the Mo2C-free sample is not completely covered with 
yellowish oxide, it shows that this sample had a higher oxidation 
resistance than the Mo2C-containing samples. This finding was also 
confirmed by the results obtained in accurate weight control (Figs. 4 and 
5). Former studies showed that the formation of the oxide layer on the 
surface of Ti(C,N) carbides has three stages: (i) the first stage is the se
lective oxidation and growth of partial oxides; (ii) the second stage is to 

cover the entire surface with oxide; (iii) the last step is the orderly 
arrangement of oxide particles on the surface [10]. The results shown in 
Fig. 6 demonstrate that in primary stages of oxidation, nickel and 
tungsten are oxidised earlier than titanium. Since nickel is present in the 
composition of cermet as a binder and in elemental form; it oxidises 
earlier than other metals in a combined state. Moreover, between tita
nium carbide and tungsten carbide, the stability of tungsten carbide is 
lower (because the free energy formation of TiC is lower than that of WC 
[25]), which causes tungsten oxide to form earlier in the oxide scale. It 
could simply mean that the decomposition of titanium compounds in the 
cermets occurred at the final stages of oxidation. Therefore, titanium 
oxides formed through the penetration of ions (outward for titanium 
cations and inward for oxygen anions) within a pre-formed oxide layer. 
Other observations including cross-section examinations are in accor
dance with this claim which later discussed. 

Fig. 6. Top surface morphology and EDS spectra of the oxidised surface of reference M0 sample at (a) low magnification, (b) and (c) higher magnification at region 1 
and 2, respectively. 
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Fig. 7 shows the images of the oxidised surface of sample M2 in two 
different magnifications and the corresponding EDS analysis. As seen in 
Fig. 2, unlike sample M0, the entire outside is oxidised in this specimen, 
suggesting that the oxidation level is higher, in good agreement with the 
oxidation curves. The SEM morphology of the oxidised surface of sample 
M2 is not similar to sample M0 in any regions of 1 and 2. The results of 
EDS analysis of a large area representing the composition of the entire 
surface of the oxide scale is displayed in Fig. 7-c. Furthermore, the 

analysis of two different types of oxide observed in the oxide layer at 
higher magnification is marked with an arrow on the image (Fig. 7-b). 
The EDS results highlight that the amount of tungsten in the outer layer 
of the oxide scale in sample M2 has reached 2.98 at%. However, in 
sample M0, the amount of tungsten in the outer layer (region 2 in Fig. 6) 
was almost half of this quantity. In addition, molybdenum can be seen in 
the composition of the oxide scale of M2, which was not present in the 
M0 sample. Also, the comparison of the composition between M0 and M2 
revealed that the amount of nickel in the M2 sample has decreased in the 
outer layer of the oxide scale. It may suggest that changes in the oxide 
morphology of M2 in comparison with M0 occurred due to considerable 
compositional changes in the oxide scale. Previous studies on Ti(C,N) 
cermets showed that in the early stages of oxidation, a uniform NiCo2O4 
layer is formed, which provides resistance to oxidation [10]. However, 
as seen in the microstructure of the oxide scale in sample M2 (Fig. 7-(b)), 
the uniformity in the arrangement of nickel oxide particles with angular 
shapes is confined due to the presence of higher amounts of tungsten and 
titanium oxides. The importance of sample M2 in this study is that the 
level of oxide detaching in this sample was lower than for instance in M5 
and M8. Therefore, it is a suitable sample for exploring the compositional 
changes resulting from adding Mo2C. In other words, M2 represents the 
transitional conditions between the M0 sample and the M5 and M8 
samples. 

Fig. 8-(a) shows an image of the cracks created in the oxide scale of 
sample M2. Due to the low magnification image, the largeness of the 
crack can be recognized. These giant cracks, are an indication of the 
brittleness of the oxide scale with the addition of Mo2C. The EDS anal
ysis conducted in the area near these cracks (Fig. 8-b) shows that the 
amount of tungsten in the oxide scale of the sample containing 2% Mo2C 
has increased. Meanwhile, according to several analyses, the composi
tion of this zone is almost similar to that of the oxide scale in Fig. 7. This 
result confirms the fact that the addition of Mo2C has restricted the 
process of forming a uniform and compact oxide scale. Accordingly, by 
changing the composition, the oxide scale in Mo2C-containing cermet 
materials is transformed into a new mix oxide layer (Fig. 7-b) that is 
crispy and has cracks (Fig. 8-a). 

The examinations, as will be discussed below, show that the changes 
made in the oxide layer of the M2 sample are repeated and intensified in 
the M5 and M8 samples. Consequently, the stripping of the oxide scale 
from these samples increased remarkably (see Figs. 4 and 5). An image 
of the surface of sample M5 is presented in Fig. 8-(c), where an area 
containing the remaining oxide scale and a region where the oxide scale 
has been detached can be seen. The remained oxide scale after signifi
cant loss of the oxide mass cannot be a definite representation of the 

Fig. 7. SEM images and electron dispersive spectroscopy analysis conducted at 
the oxidised surface morphology of the M2 sample. 

Fig. 8. (a) SEM image of a crack in the up surface of the M2 specimen, (b) EDS 
analysis of point A near to crack, (c) SEM image from the up surface of the M5 
specimen, and (d) high magnification image of the area shown in part (c). 

Fig. 9. XRD diffraction analysis of the detached oxide in specimens M5 and M8.  
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outer oxide layer in this sample. However, a comprehensive investiga
tion of the remaining oxide layer also indicates that a compact oxide 
layer as expected in Ti(C,N) cermets is not formed and that many pores 
and cracks are inside the oxide scale (Fig. 8-(d)). As mentioned before, 
the excessive stripping of the oxide scale from the M8 sample makes it 
practically impossible to examine and compare the changes in the 
morphology of the outer surface of the oxide. 

Fig. 9 shows the XRD diffraction patterns of oxide scale detached 
from the M5 and M8 specimens. The rate of spallation in the M0 and M2 
samples was minimal, and the amount of oxide stripped from these 
samples was insufficient for an XRD analysis. Since a significant differ
ence concerning the mass of the detached oxide was observed between 
specimens M0 and M2 with M5 and M8, this XRD analysis is essential for 
the interpretation of oxidation. The result revealed that the TiO2 phase is 
present in the pattern of both M5 and M8 samples as the primary phase. 
Also, nickel and titanium oxide (in the form of NiTiO3) can be seen in the 
XRD patterns of the detached oxides of both samples. The presence of 
other complex oxide compounds such as NiCoO4 previously reported for 
Ti(C,N) cermets [10], may also be presented, however, they are not 
detected by XRD due to their low quantity. Moreover, the NiWO4 phase 
was also detected in the XRD pattern of the samples. Interestingly the 
peak intensity of this phase is enhanced in the specimen containing 8% 
Mo2C. The most striking conclusion to emerge from this finding is that 
the increase of this complex oxide phase of nickel and tungsten has 
caused an increase in the spalling rate and consequently an increase in 
the oxidation rate. As can be seen from Fig. 9, the only change observed 
in the XRD patterns of M5, and M8 samples is the increase in the peak 
intensity of the NiWO4 phase, which points to the likelihood that the rise 
in the oxidation rate was related to this phase. In the scrutiny of the 
upper surface of the oxide scale of the M2 sample, where severe spall
ation did not occur, it revealed that with the addition of Mo2C, the 
amount of tungsten in the oxide layer increases. This conformity in 
findings suggest that increasing the tungsten content of the oxide layer 

has caused the oxide scale to become brittle, particularly in the early 
stages of oxidation. The appearance of cracks caused by the brittleness of 
the scale has increased the diffusion and the oxidation rate. This can 
explain the significant rise of the curve of samples M5 and M8 compared 
to M0 and M2 (Fig. 5). However, with the formation of titanium oxide, 
the oxidation rate is restrained even in the M5 and M8 samples. Indeed, 
after a specific period of exposure time, the oxidation curves evolve a 
horizontal plateau. 

Fig. 10 represents the oxidised cross-section of Mo2C containing 
samples. As can be seen from the figure, by increasing the amount of the 
Mo2C phase, the width of the oxide layer in the M5 sample (Fig. 10-b) is 
approximately three times higher as compared to the M2 specimen 
(Fig. 10-a). The image shown in Fig. 10-b is taken from the point in the 
M5 specimen where the oxide layer is less detached. This enabled us to 
acquire a more precise estimate of the width of the oxide layer of sample 
M5. However, this was not possible for the M8 sample, and as seen from 
Fig. 10-c, where severe spallation leads to a lower width of the oxide 
layer. The most intriguing finding of the cross-section investigation was 
that in the remaining region of the oxide layer of sample M5, there were 
three zones discerned, which had different compositions (Fig. 10-d). It 
seems that the difference observed in the amount of carbon on the 
surface, is caused by surface contamination of the outer surface of the 
sample. Crucially, comparing the composition of these three zones, the 
amount of W and Mo has risen in the median region. It was mentioned 
that the presence of W and Mo in the oxide layer may be responsible for 
the brittleness of the oxide scale, more spallation, and an increased 
oxidation rate. The result obtained in the cross-section analysis 
confirmed that increasing the amount of oxidation by adding Mo2C was 
due to increasing these elements (W and Mo) in the oxide layer. In 
previous works, it has been stated that the oxidation of molybdenum- 
based compounds starts at 700 ◦C and reaches a maximum at 750 ◦C 
[26]. Fig. 10-(d) shows the segregation of these two elements in the 
middle layer of the oxide scale, which might be a multiplier reason for 

Fig. 10. (a), (b), and (c) Cross-section image of substrate/oxide interface of M2, M5, M8 specimens, respectively. (d) bulk EDS analysis of three regions observed in 
M5 cross-section image, and (e) line-scan results of substrate to oxide acquired by twenty points EDS analysis in M5 sample. 
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higher brittleness and severe spallation. The line-scan analysis depicted 
in Fig. 10-(e) also confirms that the segregation of tungsten and mo
lybdenum elements, which caused the increase in the oxidation rate, 
occurs in the center of the oxide layer. Furthermore, in this median re
gion, the concentration of titanium decreases. This segregation restricts 
the uniform distribution of passive TiO2 oxide throughout the oxide 
layer. It is noteworthy that in the analysis of the up-oxidised surface, due 
to the penetration depth of the electron beam in the SEM, it was 
impossible to specify that the segregation mentioned above occurred in 
the oxide layer. Therefore, the top surface analysis results only showed a 
rise in the amount of W and Mo elements in M5 and M8 samples. 
Nevertheless, the results of the cross-sectional study revealed that the 
brittleness and spallation of the oxide scale in instances M5 and M8 could 
result from the segregation occurring in the oxide layer and the 
non-uniform distribution of TiO2. It is clear that with the passage of 
oxidation time, the activity of tungsten on the surface of the substrate 
gradually decreases, and as a result, oxidation of titanium prevails. 
Consequently, detaching of the oxide scale has also decreased. Finally, 
the formation of a uniform layer of titanium oxide has prevented severe 
oxidation similar to the initial time. In consolidation, when Mo2C sec
ondary carbide is added to the base material, progressive spallation of 
the oxide scale is observed with increasing Mo2C concentration. This 
increases the mass gain rate since oxidation will be controlled by 
interface reaction and not by diffusion in the passive oxide layer. As 
mentioned above the presence of W and Mo in the oxide layer are the 
cause for the brittleness of the oxide scale, consequently leading to the 
oxides spallation and an increased oxidation rate. 

4. Conclusions 

The results of this research revealed that the oxidation resistance of 
(Ti,W)CN cermets progressive decreases with the increase of concen
tration Mo2C secondary carbide. With the addition of Mo2C, despite the 
favourable effects on the grain size and hardness of cermet, the 
composition of the oxide layer changes, leading to an increase in the 
oxidation rate. This research uncovered that cermets with up to 2% 
Mo2C have a parabolic oxidation curve and the increase in oxidation rate 
is not severe. However, in cermets with 5 and 8% Mo2C, forming a three- 
zone oxide layer containing higher amounts of W and Mo led to 
increased spallation. This behaviour was related to the formation of the 
NiWO4 phase. 
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