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A B S T R A C T   

To improve the wear resistance of Fe-based cladding, NbC particles with different morphology are generated in 
situ by adding Nb, Cr3C2 and C with different content. The composition of samples and the morphology of NbC 
particles generated in situ are revealed by XRD, SEM and EDS. The wear resistance is studied by a reciprocating 
friction and wear testing machine. The wear mode and the wear mechanism of each sample are investigated. The 
results show that although NbC particles are generated in situ in samples with different Nb, Cr3C2 and C content, 
the morphology of NbC particles is varied. The wear resistance of samples containing cross-shaped NbC particles 
is more outstanding than that of samples containing only rectangular NbC particles. In addition, changing Nb, 
Cr3C2 and C content does not result in a change in wear mode, but leads to the formation of continuous lattice 
structure of Cr0.19Fe0.7Ni0.11 and Cr23C6 compounds at grain boundaries and a change in the wear resistance. 
When the additions of Nb, Cr3C2 and C are 11.2 wt%, 8.6 wt% and 0.2 wt% respectively, the coefficient of 
friction of the sample is the lowest, and the wear resistance is the most outstanding.   

1. Introduction 

NbC is a cermet with high hardness, high melting point, good 
chemical stability and high temperature properties [1–3]. However, due 
to its scarcity, high cost and inherent brittleness, NbC is difficult to be 
proceeded into workpieces with large volume and high purity [4,5]. In 
view of this, NbC is mixed with low-cost powders to form cladding with 
outstanding properties on the surface of the substrate by directed energy 
deposition [6–8]. Currently, the technique has attracted more and more 
attention and obtained some achievements. 

Li et al. [9] investigated the relationship between the NbC content 
and the properties of high-entropy alloy (Fe50Mn30Co10Cr10) coating. 
The results showed that the nano-NbC particles inhibited the growth of 
dendritic crystals and increased the nucleation rate of the grains. It 
resulted in a decrease of columnar grains and an increase of equiaxed 
grains, which improved the properties of the coating. However, the 
distribution of NbC particles was not uniform when the NbC content was 
10 wt% or 20 wt%. Wang et al. [10] added different content of NbC to 
Ti–Al–Si coatings, and the results showed that a part of the added NbC 
decomposed and formed (Ti, Nb)C with Ti in the coating. When NbC 

content reached 15%, the hardness of the coating was three times that of 
the substrate. Li et al. [11] confirmed that the addition of NbC inhibited 
the formation of FCC phase and promoted the transformation of FCC 
phase to BCC phase in the high-entropy alloy coating, and the results 
showed that the higher the addition of NbC, the more outstanding the 
mechanical properties. Zhang et al. [12] proposed that although the 
addition of NbC can effectively improve the wear resistance, excessive 
NbC can lead to an increase in the local brittleness, resulting in a dete
rioration of the wear resistance of coating. In summary, the mechanical 
properties can be significantly improved by adding NbC particles to the 
coating, but a part of the NbC particles are not completely melted due to 
the rapid rate of melting and solidification during the laser cladding. 
During the wear process, the incompletely melted NbC particles are 
spalled off and spallation pits are formed, resulting in an increase in the 
surface roughness and the coefficient of friction. In addition, spalled 
NbC particles can damage the coating surface and lead to increased wear 
rates [13]. In order to avoid this phenomenon, an attempt has been 
made to replace the direct addition of NbC to the coating by in situ 
formation of NbC particles in the coating. 

Li et al. [14] demonstrated that regular NbC particles can be in situ 
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generated by adding Nb and C to the coating, and confirmed that an 
increase in the NbC content leads not only to an increase in the porosity, 
but also to changes in the shape, amount and size of the NbC particles. 
Cai et al. [15] pointed out that with the increase of NbC content, the 
coefficient of friction and wear rate decreased, and confirmed that NbC 
particles generated in situ improved the wear resistance of gray cast iron 
significantly. Shi et al. [16] presented that the added Cr3C2 all decom
posed and formed Cr23C6 and Cr7C3. However, the added Nb was not 
completed dissolved. In addition, the Cr23C6 and Cr7C3 also served to 
improve the mechanical properties of the coating. Ping et al. [17] 
confirmed that NbC particles can also be in situ generated by adding Nb 
to the Ni60A-Cr3C2 coating, and that the size and volume fraction of NbC 
particles increased with the addition of Nb. When the addition of Nb was 
3 wt%, the wear resistance reached 2.3 times that of the Ni60A-Cr3C2 
coating. Wang et al. [18] demonstrated that NbC particles can be in situ 
generated by adding Nb and B4C to the coating, and that Fe2B was also in 
situ generated in the coating. The wear resistance is increased by a factor 
of 1.5 in the effect of NbC and Fe2B. Cao et al. [19] pointed out that not 
all of the Nb and C added to the coating reacted in situ, and that about 
one-third of the Nb was exist as solid solution. Zhang et al. [20] prepared 
NbC in the WCoB–TiC composite coating. The results showed that the 
addition of Nb significantly improved the microhardness of the coatings, 
although Nb led to an increase in dilution rate and porosity. Lu et al. 
[21] confirmed that the in situ formation of NbC particles acted as a 
pinning effect to inhibit the growth of grains, thus achieving a grain 
refinement effect. The interlayer bonding strength was improved by the 
effect of fine grain strengthening. Dong et al. [22] presented that NbC 
particles were in situ generated by adding different content of Nb to the 
Ni-based alloy composite coating. Meanwhile, the addition of Nb 
inhabited the formation of M7C3 carbides, thus improving the wear 
resistance of the coating. Yang et al. [23] confirmed that NbC particles 
can be in situ generated by adding different content of Nb to Fe–Cr–C 
coatings. As the Nb content increased, the martensite was refined. As a 
result, the hardness, tensile strength and yield strength are improved. 

In summary, NbC particles can be in situ generated by adding Nb 
combined with C or Cr3C2 into the cladding, but the morphology of the 
generated NbC particles changed with the content of Nb, C and Cr3C2. 
Meanwhile, although Nb and C are added to the cladding in a 1:1 atomic 
mass ratio, still nearly one-third of the Nb did not react with C in situ but 
existed in the cladding as a solid solution. In order to generate more NbC 
particles in situ and to investigate the effect of the morphology of the 
NbC particles generated in situ on the wear resistance of cladding, NbC 
particles with different content and morphology were generated in situ 
by adding different content of Nb, C and Cr3C2. Then, the composition of 
each sample was revealed by XRD, and the morphology of NbC particles 
in each sample was analyzed and studied by SEM and EDS. Finally, the 
effect of different morphology of in situ generated NbC particles on the 
coefficient of friction, wear rate, wear mode and wear resistance were 
investigated, and the wear mechanisms of in situ generated NbC parti
cles reinforced cladding with different morphology was analyzed. 

2. Experimental details 

2.1. Directed energy deposition 

The directed energy deposition testing machine used in this test 
consists of: a continuous wave laser generator (spot diameter: 1.1 mm), a 
powder feeding system, a cooling system and a vertical machining 
center (VMC 1100P) as shown in Fig. 1. In this case, the deposition head 
is installed on the vertical machining center in order to ensure precise 
movements in X, Y and Z directions. The powder is injected into the laser 
beam through a coaxial powder feed nozzle. Both the powder feeding 
gas and the shielding gas are argon gas with a purity of 99.99%. The flow 
rate of the shielding gas is 15 L/min. To ensure that the intersection of 
powder flow is at the substrate surface, the distance between the nozzle 
and the substrate surface is a fixed value of 16 mm. 

The material of substrate is AISI 1045 steel with the composition 
shown in Fig. 2(b). Before directed energy deposition tests are carried 
out, the substrate surfaces are grinded by metallurgical sandpaper to 
remove debris and make the surfaces of the substrate flat. Then, the 
substrates are ultrasonically cleaned in ethanol absolute to remove the 
stains from the surfaces of the substrates. Finally, the substrates are 
dried by a drying baker for 30 min. 

YCF102 powder is a type of spherical Fe-based powder with a grain 
size of 100 mesh to 270 mesh, and its composition is shown in Fig. 2(a). 
YCF102 powder is used as the test powder due to its good compatibility 
with AISI 1045 steel and the easy formation of a good metallurgical bond 
with the substrate. Both Nb and Cr2C3 powders are irregular powders 
with a grain size of 100 mesh to 150 mesh, and the purity is 99.5%. The 
carbon black powder (≥100 mesh) is an irregular powder produced by 
Aladdin. The above powders are mixed in different proportions by a ball 
mill mixer, and the composition of mixed powders is shown in Table 1. 
In this case, the material of the mixing ball is aluminum oxide and the 
mass ratio of mixing ball to powder is 2:1. 

According to the authors’ previous study [24], the cladding possesses 
satisfactory geometry and defect number when the laser power is 750 W, 
the scanning velocity is 4 mm/s, and the powder feeding rate is 7 g/min. 
Therefore, the above process parameters are used in this work. 

2.2. Reciprocating friction and wear tests 

After the deposition, the cladding is cut into samples with a size of 
25 mm (Length) × 10 mm (Width) × 10 mm (Thickness) by wire elec
trical discharge machining, and the surface of samples is grinded by 
metallographic sandpaper and a polishing machine. The tribological 
properties of samples are tested by a reciprocating friction and wear 
tester (MFT-4000), and real-time curves of coefficient of friction are 
obtained. In this case, the wear velocity is 240 mm/min, the load is 10 N, 
the wear distance is 5 mm, the diameter of grinding ball is 4 mm and the 
material of grinding ball is SiN. The wear morphology of samples is 
obtained by laser confocal. 

2.3. X-ray diffraction and scanning electron microscopy 

The surface of samples is etched by aqua regia and ultrasonically 
cleaned by ethanol absolute and deionized water. Then, the samples are 
dried by a drying baker for 30 min, and the composition and 
morphology of samples are revealed by X-ray diffractometer (XRD), 
scanning electron microscope (SEM) and energy dispersive spectroscopy 
(EDS). To ensure the reliability of the test data, three repeatability tests 

Fig. 1. Directed energy deposition testing machine.  
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are carried out on each sample under the same conditions. 

3. Results and discussion 

3.1. The main composition of cladding 

Fig. 3 shows the XRD patterns of samples. The main phases of sam
ples are NbC, Fe0.64Ni0.36, Cr0.19Fe0.7Ni0.11, Fe2Nb and Cr23C6, indi
cating that variously mixed Nb, C and Cr3C2 powders react in situ and 
generate NbC. Meanwhile, different content of Fe2Nb is found. From 
other research, although Nb and C are added to the cladding in a 1:1 
atomic mass ratio, still nearly one-third of the Nb does not react with C 
in situ [25]. Therefore, the rest of Nb does not react in situ with C, but 
reacts in situ with Fe in the powder to generate Fe2Nb. In addition, Cr3C2 

is not found, but Cr23C6 is found in samples No.2 to No.5. The results 
show that Cr3C2 is decomposed during directed energy deposition. The 
generated C reacts in situ with Nb to generate NbC. Cr23C6 is also found 
in sample No.1. However, Cr3C2 is not added to sample No.1. It indicates 
that a part of C reacts in situ with Nb to generate NbC during the directed 
energy deposition, while another part of C reacts in situ with Cr to 
generate Cr23C6. 

3.2. The cladding morphology 

Figs. 4 to 8 show the SEM mapping scanning results for samples No.1 
to No.5, and Table 2 shows the EDS analysis results for samples No.1 to 
No.5. In Figs. 4 to 8 and Table 2, the atomic mass ratio of Nb to C at point 
A is nearly 1:1, indicating that A is the location where NbC particle is 
generated in situ in the cladding. Due to the effects of Marangoni and 
thermal capillary motion, the in situ generated NbC particles do not 
undergo aggregation, but are distributed uniformly in the cladding. 
Point B of samples No.1 to No.4 shows high contents of Fe, C and Cr, and 
low contents of Nb, Ni and Si. Combined with XRD patterns, the content 
of Cr0.19Fe0.7Ni0.11 and Cr23C6 is much higher than that of NbC、Fe2Nb 
and Fe0.64Ni0.36 at point B. Si does not react with other elements, but 
exists as a solid solution in the cladding. As shown in Fig. 8 and Table 2, 
the Fe and Nb content at point B of sample No.5 is higher than that at 
point B of samples No.1 to No.4, while the C and Cr content at point B of 
sample No.5 is lower than that of samples No.1 to No.4. Combined with 
the morphology at point B of sample No.5, it can be seen that point B is 
the eutectic phase of Cr0.19Fe0.7Ni0.11 and NbC. The reason for this 
phenomenon is the rapid melting and solidification of the melt pool. Due 
to its high melting point, NbC particles are first separated out at the 
grain boundaries during solidification. The above phenomenon leads to 
the occurrence of composition undercooling and temperature under
cooling, resulting in the separation of Cr0.19Fe0.7Ni0.11 on the surface of 
NbC. As a result, the occurrence of heterogeneous nucleation leads to the 
generation of the eutectic phase of Cr0.19Fe0.7Ni0.11 and NbC. Figs. 4 to 7 
and Table 2 show that the main elements are Fe, C, Cr and Ni at point C 
of samples No.1 to No.4. The content of Fe and Ni at point C is signifi
cantly higher than that at point A and point B. Combined with the XRD 
patterns, it shows that the main compounds are Cr0.19Fe0.7Ni0.11, 
Fe0.64Ni0.36 and Cr23C6 at point C. Fig. 8 and Table 2 show that the main 
element composition of sample No.5 contains not only Fe, C, Cr and Ni, 
but also Nb at point C. It contains not only Cr0.19Fe0.7Ni0.11, Fe0.64Ni0.36 
and Cr23C6, but also NbC at point C of sample No.5. 

Figs. 4 to 8 and Table 2 show that the morphology of NbC particles in 
different samples is not the same. The morphology of NbC particles in 
the sample No.1 is rectangular. Sample No.2 contains a large number of 
cross-shaped and petal-shaped NbC particles as well as a small number 
of rectangular NbC particles. The morphology of NbC particles in the 
sample No.3 is rectangular, cross-shaped and petal-shaped. Sample No.4 
contains a large amount of rectangular NbC particles. Flocculent NbC 

Fig. 2. Composition of (a) YCF102 alloy powder and (b) AISI 1045 substrate.  

Table 1 
Composition of mixed powder (wt%).  

Sample No. YCF102 Nb Cr3C2 C 

1 80 17.8 0 2.2 
2 80 10.2 9.8 0 
3 80 11.2 8.6 0.2 
4 80 11.8 7.6 0.6 
5 80 14.2 4.6 1.2  

Fig. 3. The XRD pattern of each sample.  
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Fig. 4. SEM mapping scanning result of sample No.1.  

Fig. 5. SEM mapping scanning result of sample No.2.  

Fig. 6. SEM mapping scanning result of sample No.3.  

Fig. 7. SEM mapping scanning result of sample No.4.  
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particles are found at the grain boundaries of sample No.1 to No.4. 
Sample No.5 contains a large amount of NbC particles with dendritic 
structure and a small amount of rectangular and cross-shaped NbC 
particles. The eutectic phases of NbC and Cr0.19Fe0.7Ni0.11 with dendritic 
structure are found at the grain boundaries of sample No.5. 

The different morphology of the in situ generated NbC particles in 
samples is caused by the changes in the NbC content. Direct energy 
deposition is a process of rapid melting and solidification. Due to its high 
melting point, NbC particles are first precipitated. Meanwhile, NbC 
particles are uniformly distributed in the cladding by Marangoni and 
thermal capillary motion. NbC is a face-centered cubic structure. When 
the content of NbC is low, the morphology of NbC particles is rectan
gular. As the content of NbC increases, the interfacial energy of the {1 
0 0} crystal face is lower, which results in a greater growth rate of NbC 
particles in the {1 0 0} crystal face direction than that in the other di
rections. The pits appear in the center of the surface due to the large 

amount of supercooling at the edge angle, which results in a change in 
the morphology of NbC particles from rectangle to cross. With a further 
increase in the content of NbC, NbC particles simultaneously grow in 
different directions. The morphology of NbC particles changes from 
cross to petaling [25]. In addition, due to their high melting point, NbC 
particles are first separated out at the grain boundaries during solidifi
cation. The precipitation of NbC particles at the grain boundaries may 
lead to not only the occurrence of composition undercooling and tem
perature undercooling, but also the occurrence of heterogeneous 
nucleation. As a result, the eutectic phase of Cr0.19Fe0.7Ni0.11 and NbC is 
generated at the grain boundaries of Sample No.5. 

3.3. The wear resistance of cladding 

Fig. 9 shows the coefficient of friction curves for various samples. 
The coefficient of friction increases to a maximum in the initial stage of 
wear between samples and the grinding ball, and then decreases grad
ually to the stable state. When the coefficient of friction fluctuates 
greatly, the samples are in a state of severe wear. As the wear is per
formed, the fluctuation amplitude of the coefficient of friction curves 
decreases gradually and remains in a stable state. It shows that the 
samples change from a state of severe wear to a state of stable wear. The 
coefficient of friction in a state of stable wear shows the wear resistance 
of the samples is better than that in a state of severe wear. Therefore, the 
coefficient of friction with wear time period of 30–40 min is selected to 
analyze and study the wear resistance. 

In Fig. 9(b), the average coefficient of friction of each sample is in the 
following order: Sample No.3＜Sample No.5＜Sample No.2＜Sample 
No.1＜Sample No.4. The reason for this phenomenon is that 
Cr0.19Fe0.7Ni0.11 and Cr23C6 compounds generated at the grain bound
aries of sample No.4 do not generate lattice structures, which results in 
worse wear resistance of sample No.4. The morphology of NbC particles 
in sample No.2 is the cross-shaped and petal-shaped, while the 
morphology of NbC particles in sample No.1 is rectangular. According to 

Fig. 8. SEM mapping scanning result of sample No.5.  

Table 2 
EDS analysis results of various samples (wt%).   

Fe Nb C Cr Si Ni 

Sample No.1 A 2.3 48.3 45.9 3.5 0.0 0.0 
B 33.2 1.6 33.8 29.7 0.0 1.7 
C 64.3 0.3 8.1 20.7 1.4 5.2 

Sample No.2 A 1.9 37.8 58.6 1.7 0.0 0.0 
B 38.6 1.9 32.4 25.1 0.5 1.5 
C 72.8 0.5 2.4 17.8 0.8 5.7 

Sample No.3 A 2.0 47.6 46.7 3.7 0.0 0.0 
B 44.8 2.4 21.1 29.9 0.6 1.2 
C 67.8 0.4 4.7 20.0 1.4 5.7 

Sample No.4 A 2.1 48.1 46.7 3.1 0.0 0.0 
B 38.3 0.3 24.5 34.2 0.0 2.7 
C 57.6 0.3 14.0 21.6 1.4 5.1 

Sample No.5 A 7.1 67.6 22.6 2.2 0.5 0.0 
B 50.8 18.0 14.5 8.6 4.0 4.1 
C 53.9 8.6 19.1 12.4 0.9 5.1  

Fig. 9. Coefficient of friction curves of various samples of (a) 0–40 min and (b) 30–40 min..  
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the other research, when the concentration of NbC is high enough, NbC 
particles grows from rectangular to cross-shaped and petal-shaped [25]. 
It indicates that the concentration of NbC in sample No.2 is higher than 
that in sample No.1, which leads to more outstanding wear resistance of 
sample No.2 than that of sample No.1. The occurrence of composition 
undercooling and temperature undercooling leads to the occurrence of 
heterogeneous nucleation at the grain boundaries of sample No.5. The 
occurrence of heterogeneous nucleation leads to not only an increase in 
the nucleation rate but also the precipitation of a large number of the 
eutectic phase of Cr0.19Fe0.7Ni0.11 and NbC at the grain boundaries. As a 
result, sample No.5 has a lower coefficient of friction and more 
outstanding wear resistance than sample No.2. Sample No.3 forms 
continuous lattice structure of Cr0.19Fe0.7Ni0.11 and Cr23C6 compounds 
at the grain boundaries, and the cross-shaped and petal-shaped NbC 
particles of sample No.3 are finer than those of other samples. Therefore, 
sample No.3 has the lowest coefficient of friction and the most 
outstanding wear resistance. 

In summary, the coefficients of friction of samples containing cross- 
shaped and petal-shaped NbC particles are lower than those of samples 
containing only rectangular NbC particles, and the wear resistance of 
samples containing cross-shaped and petal-shaped NbC particles are 
more outstanding than those of samples containing only rectangular 
NbC particles. The coefficient of friction of sample No.3 is 24.69% lower 
than that of sample No.4. Meanwhile, a large number of the eutectic 
phases of Cr0.19Fe0.7Ni0.11 and NbC are precipitated at the grain 
boundaries of sample No.5, which results in the enhancement of wear 
resistance. However, due to the fine grain strengthening and the for
mation of continuous lattice structure of Cr0.19Fe0.7Ni0.11 and Cr23C6 
compounds at the grain boundaries, sample No.3 has the most 
outstanding wear resistance. 

Fig. 10 shows the wear width, wear depth and wear rate of various 
samples respectively. The wear width, wear depth and wear rate of 
various samples are in following order: Sample No.3＜Sample No.5＜ 
Sample No.2＜Sample No.1＜Sample No.4. It is noted that the changing 
trends of wear width, wear depth and wear rate are the same as that of 
the coefficient of friction. The wear width, wear depth and wear rate of 
sample No.3 are minimum, while the wear width, wear depth and wear 
rate of sample No.4 are maximum. Compared with sample No.4, the 
wear width, wear depth and wear rate of sample No.3 decrease by 23%, 
62% and 46% respectively. The results show that by changing the 
content of Nb, C and Cr3C2, not only can the coefficient of friction, wear 
width, wear depth and wear rate be effectively reduced, but also the 
wear resistance can be significantly improved. 

3.4. The wear morphology of cladding 

Fig. 11 shows the wear morphology of various samples. As can be 
seen from Fig. 11, a large number of spallation pits and a small number 
of grooves parallel to the wear direction are found on the wear 

morphology of samples No.3 and No.5, and the grooves parallel to the 
wear direction on the wear morphology of samples No.1, No.2 and No.4 
are significantly more and deeper than those of samples No.3 and No.5. 
Meanwhile, large spallation pits are found on the wear morphology of 
samples No.1, No.2 and No.4. 

The friction occurs between surface asperities and grind ball during 
the wear process, which results in the wear surface to be in an alter
nating state of tensile stress and compressive stress [26]. As a result, 
spallation pits and chips are formed [27]. Meanwhile, a portion of NbC 
particles is spalled off due to the fact that the binding force between NbC 
particles and the cladding is weaker than that of other parts. During the 
wear process, a part of grinding ball is embedded in the cladding under 
the action of normal load, and micro-cutting occurs under the action of 
reciprocating motion. The micro-cutting phenomenon leads to the cut
ting off of some NbC particles and the generation of chips. A part of chips 
and spalled NbC particles are accumulated at the ends of the wear track 
by the reciprocating motion, while another part of the chips and spalled 
NbC particles roll and slide between the grind ball and the wear surface, 
which resulting in the formation of grooves [28]. Therefore, the main 
wear modes are three-body abrasive wear and surface fatigue wear. 

It can be seen from Fig. 11 that the change in Nb, C and Cr3C2 content 
does not lead to a change in the wear mode, but does lead to a change in 
the depth and number of grooves and spallation pits. Meanwhile, it can 
be seen from Fig. 11(a) to 11(e), the wear width of sample No.3 is 
significantly smaller than that of the other samples. It is indicated that 
the volume of grinding ball embedded in sample No.3 is the smallest, 
and the resistance to plastic deformation of sample No.3 is more 
outstanding than that of other samples. The results show that changes in 
the morphology of NbC particles do not lead to changes in the wear 
mode, but do lead to changes in resistance to plastic deformation and 
wear resistance of cladding. 

4. Conclusions  

(1) Although the content of Nb, C and Cr3C2 in the mixed powder is 
changed, NbC particles generated in situ are found in each sam
ple. However, the content of NbC in each sample is different, 
which leads to different morphology of NbC particles in each 
sample.  

(2) When additions of Nb, Cr3C2 and C are 14.2 wt%, 4.6 wt% and 
1.2 wt% respectively, dendritic eutectic phases of 
Cr0.19Fe0.7Ni0.11 and NbC are precipitated at the grain 
boundaries.  

(3) The Change in the morphology of NbC particles leads to the 
changes in the coefficient of friction, wear rate and wear 
morphology, but does not lead to the change in wear mode. 
During the wear process, all samples undergo three-body abrasive 
wear and surface fatigue wear. 

Fig. 10. (a) Wear width and wear depth, (b) wear rate.  
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(4) As the content of NbC increases, the morphology of NbC particles 
changes from rectangular to cross-shaped and petal-shaped. The 
coefficient of friction of sample No.3 is 24.69% lower than that of 
sample No.4. The wear resistance and resistance to plastic 
deformation of the sample containing cross-shaped and petal- 
shaped NbC particles are better than those of the sample con
taining only rectangular NbC particles. 
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