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A B S T R A C T   

Crack-free samples were made from Nb nanoparticles modified Ni60 hard-facing alloy using laser metal depo
sition. Addition of Nb nanoparticles was carried out to modify the columnar dendrites and eutectic micro
structures by providing large number of nucleation sites. The purpose of this study was to evaluate the effect of 
nanoparticles addition on cracking susceptibility of Ni–Cr–B–Si alloy. The results show that with addition of Nb 
nanoparticles, the cracking susceptibility reduced significantly with acceptable hardness loss. Large hard phases 
were refined and the columnar dendrites were converted to equiaxed grains, leading to a separated eutectic 
microstructure which restrain the initiation and growth of cracks. The study demonstrated a new method to 
tackle the cracking problem of laser manufactured Ni–Cr–B–Si alloys, accelerating the adoption of Ni–Cr–B–Si 
alloys on additive manufacturing applications.   

1. Introduction 

Ni60 alloy is one of Ni–Cr–B–Si system hard-facing alloys with high 
hardness, good wear resistance and self-fluxing property [1]. It is widely 
used in applications requiring high hardness and wear resistance [2]. In 
recent years, researches on the alloys are mainly concentrated on laser 
cladding [2–9], while there are few reports about 3D printing [10–14]. 
With the development of additive manufacturing technology, 
Ni–Cr–B–Si alloy has a good potential in the field of repairing and 
free-form manufacturing [15,16]. Laser metal deposition (LMD) which 
is also called 3D printing, is a technology that can build up metal 
components layer by layer from computer aided design (CAD) files. The 
technology increases the freedom of design and shortens the lead-time. 

However, high-alloy grade Ni–Cr–B–Si alloy has high cracking sus
ceptibility during laser manufacturing [7]. This seriously limits the 
application of the Ni–Cr–B–Si alloys in LMD. In order to solve the 
cracking problem, many efforts have been made, including preheating 
[17], slow cooling and addition of toughing agents [18,19]. During the 
laser manufacturing process, the high cooling rate can lead to great 
stress. The methods of preheating and slow cooling can reduce the 
generation of stress, but the cost is high, and it is not applicable in some 
practical situations. As a result, adding toughing composition to modify 
the microstructure of Ni–Cr–B–Si alloy is a better choice to solve the 

cracking problem. 
The phase constitution of laser manufactured Ni–Cr–B–Si alloy is 

mainly composed of the hard phases of Cr borides and carbides, den
drites of Ni and eutectics of Ni–B–Si [20]. At present, many studies focus 
on refining large hard phases in the alloy [21]. Large Cr precipitates are 
hard and brittle, so it is easy for cracks to initiate and grow through Cr 
precipitates. The observation of microstructure showed that cracks can 
grow through the Cr hard phases. The maximum stress (σm) of a frac
tured hard phase grain can be described by the formulation as: 

σm = 2σa

̅̅̅̅̅̅̅̅̅̅

α/ρc

√

Where σa is the applied stress, ρc is the radius of curvature of the crack 
and α is the length of the crack (the size of the grain) [22]. Therefore, the 
refinement of large Cr hard phases, i.e. smaller α, is expected to decrease 
cracking susceptibility of the alloy. 

Elements that have been used to refine the microstructure of the 
alloy include Ti, V, Ta, Zr and Nb [18,19,21,23,24]. The mechanism of 
the refinement is to provide nucleation sites to Cr hard phases. However, 
the addition of Ti, V, Ta, Zr either fails to refine the microstructures or 
refine the microstructures while deteriorating the hardness. Among the 
attempts, the addition of Nb has the best result, which can refine the 
large Cr hard phases with acceptable hardness loss. Nb has a higher 
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affinity for B and C than Cr has. What’s more Nb precipitates have a 
higher formation temperature than that of Cr carbides and borides and a 
low solubility in Cr precipitates. So Nb precipitates can act as good 
nucleation sites in the alloy. However, the result shows that even though 
hard phases are refined while maintaining the hardness almost the same 
as original alloy, the cracking susceptibility doesn’t decrease [18,19]. 

In our previous research, the Ni–Cr–B–Si alloy tends to form large 
amount of Ni columnar dendrites and Cr precipitate dendrites during 
LMD [14]. And there are continuous eutectic structures between the 
dendrites and Cr hard phases. The eutectic structures are hard and brittle 
phases which may also have a great influence on cracking susceptibility 
of Ni–Cr–B–Si alloy. As reported in previous studies, the addition of Nb 
can refine the Cr hard phases but there are still dendrites and continuous 
eutectics remained in the alloy which may provide paths for crack 
growth [18,19]. The modification of dendrites and eutectics may be a 
new method to solve the cracking problem of Ni–Cr–B–Si alloy. There 
has been report of improvement in crack tendency of Al alloy by 
modifying columnar dendrites [25]. Nanoparticles were added in Al 
alloy powders before manufacturing and crack-free samples were built 

by selective laser melting (SLM). Based on the report, it seems that the 
addition of nanoparticles can be a viable method to improve the 
cracking performance of Ni–Cr–B–Si alloy. 

In this study, different amount of Nb nanoparticles were added to 
Ni–Cr–B–Si hard-facing alloy (Ni60) to refine the columnar dendrites 
and eutectics. The purpose of the research is to find the effect of Nb 
nanoparticles addition on cracking susceptibility and the mechanism of 
microstructure refinement and phase formation. The outcome of this 
study can enhance the understanding of cracking mechanism of 
Ni–Cr–B–Si alloy, and promote the adoption of the alloy on LMD 
applications. 

2. Experimental procedure 

2.1. Materials and LMD parameters 

Ni60 alloy (particle size about 50–150 μm) was selected as the 
original alloy for further modification by Nb nanoparticles. The alloy 
was provided by Shanghai Global Fusion Materials Technology Co., Ltd, 
and chemical compositions of the alloy are presented in Table 1. 

Table 1 
Chemical compositions of Ni60 powders (wt.%).  

Element Ni Cr B Si Fe C 

wt.% Bal. 16.00 3.20 4.00 <15.00 0.80  

Fig. 1. Particle size distribution of Ni60 powder.  

Fig. 2. (a)SEM image of Nb nanoparticles (b) TEM image of Nb nanoparticles.  

Fig. 3. Particle size distribution of Nb nanoparticles.  

Table 2 
Ball mailing parameters.  

Rotation speed (rpm) Ball-to-powder weight ratio (%) Milling time (h) 

250 0 3  
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The size distribution of Ni60 particles was measured using Master
sizer3000 particle size analyzer. Fig. 1 shows the distribution of particle 
size. Approximately 80% of particle volume locates in the size zone 
between 63.9 μm and 153 μm. 

The Nb nanoparticles used in the experiment were provided by 
Shanghai Yao Tian Nano Material Co., Ltd with size about 50 nm. Due to 
the tiny scale of nanoparticles, the size analysis was conducted by 
counting from SEM pictures. Fig. 2 shows the SEM and TEM pictures of 
Nb nanoparticles. Fig. 3 shows the size distribution of Nb nanoparticles. 

The average size of Nb nanoparticles is about 50.2 nm. Most of 
nanoparticles are smaller than 100 nm. 

Nanocomposite feed stock was prepared right before the experiment 
by a planetary-type ball mill (XQM-4) in case of settling. Ball mailing 
parameters were shown in Table 2. Fig. 4 shows the morphology of Ni60 

powders and Nb nanoparticles modified Ni60 powders. 
The LMD platform used in the experiment consists of IRB1410-ABB 

robot (controlled by computer), gas protection system, powder feeder, 
coaxial powder injection nozzle and semiconductor laser unit （Raycus 
RFL-A1000D）. Argon was used as powder carrier and shielding gas. 
Thin wall samples of Ni60 and Nb nanoparticle modified Ni60 with the 
dimension of 20 mm (length) × 3 mm(width) × 35 mm(height) were 
built on the substrate of stainless steel with the dimension of 100 mm 
(length) × 50 mm(width) × 8 mm(height). Samples of different Nb 
nanoparticles addition were built including 0.5 wt%, 1 wt%, 1.5 wt%, 2 
wt%, 2.5 wt%, 3 wt%，and 5 wt%. The maximum addition of Nb 
nanoparticles in this research is 5 wt%, because the addition of nano
particles deteriorates the liquidity of feed stock. To ensure the good 
forming, process parameters were optimized by conducting numerous 
single-track tests in advance [26]. Table 3 shows the parameters of LMD 
used in the experiment. 

2.2. Microstructural characterization 

After deposition, samples were separated from the substrate by wire- 
electrode cutting. Samples for morphology observation and hardness 
test were cut from the transverse section and prepared by standard 

Fig. 4. Morphology of (a) Ni60 powders and (b) Nb nanoparticles modified Ni60 powders.  

Table 3 
Parameters of LMD.  

Laser 
power/W 

Scan speed/ 
mm⋅s− 1 

Spot 
diameter/mm 

Powder feed 
rate/g⋅min− 1 

Z increment/ 
mm 

400 2 1.25 7.3 0.9  

Fig. 5. (a) Tensile test specimen (mm) and the (b) fixtures.  
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Fig. 6. Morphology of Nb nanoparticles attached to the surface of Ni60 particle.  

Fig. 7. EDS mapping of Nb nanoparticles on the surface of Ni60 powder.  

Fig. 8. XRD pattern of the sample modified by 0%, 1%, 2%, 3 wt% Nb.  
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mechanical grinding and polishing. Before optical microscopy (OM) and 
scanning electron microscopy (SEM) observation, some of the samples 
were etched by a solution of 20 ml HNO3, 20 ml CH 3COOH and 30 ml 
HCl. OM（Zeiss Axio Imager A1m）, SEM（TESCAN VEGA3 and JSM- 
7900F）with energy dispersive spectroscopy(EDS) and XRD（X-ray 
diffraction/Rigaku D/Max 2500 PC, Cu Kα, 4◦/min）were used for 
microstructure observation and phase identification. 

2.3. Mechanical properties 

Vickers hardness was measured on cross-section by MH-3 Vickers 
hardness tester at a loading force of 500 g and a loading time of 10s. 
Tensile tests were performed on MTS810 material testing system. 

Tensile specimens were cut by wire-electrode machining from LMD 
samples. Due to the brittleness of the specimen, fixtures were designed 
to prevent fracture at the fixing stage. Fig. 5 shows the tensile test 
specimen and the fixtures. During tensile tests, the upper part of the 
fixture was sent into the clamp to avoid crush of the sample. 

3. Results 

3.1. Powder characterization 

After ball mailing, Nb nanoparticles were attached to the surface of 
Ni60 powder as show in Fig. 6. The surface of Ni60 powder were not 
completed covered by nanoparticles. 

Fig. 9. As-polished SEM-BSE images with 0.5 wt% (a) and with 3 wt% (b) Nb.  

Fig. 10. EDS-point analysis of Cr boride, Cr carbide and Nb carbide in Fig. 9.  
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To ensure the presence of Nb nanoparticles, EDS mapping was car
ried out as shown in Fig. 7. 

As shown in the EDS mapping, the nanoparticles that struck to the 
surface of Ni60 powder were Nb nanoparticles. 

3.2. Phase identification of Nb nanoparticles modified sample 

Because of the complexity of phase constitution, the phases were 
initially identified by XRD, and then verified by analysis of BSE and EDS. 
Fig. 8 shows XRD result of simple with 0%, 1%, 2%, 3 wt% of Nb. 

According to the XRD data, the main phases in Nb nanoparticles 
modified sample include: Ni、Ni3Fe、Ni3B、Ni3Si、CrB、Cr7C3、 
Cr23C6、NbC and Nb6C5. The diffraction peaks of NbC and Nb6C5 in
crease with the increase of Nb nanoparticles. 

With XRD result, phases can be recognized by the brightness 

difference in SEM-BSE images. Because the intensity of back scattered 
electron beam is positively related with atomic number, so the phase 
with larger atomic number is brighter than the phase with smaller 
atomic number in BSE images. Fig. 9 shows the microstructures of as- 
polished simples using BSE. 

Combined with the XRD analysis and EDS analysis in Fig. 10, it can 
be confirmed that the phases with light color in Fig. 9 are Cr carbides 
such as CrB and the dark hard phases are Cr borides such as Cr7C3 and 
Cr23C6. There are dendrites of Cr carbides, blocky Cr carbides and blocky 
Cr borides in the sample with 0.5% Nb. With the increase of Nb addition, 
dendrites of Cr carbides disappear and the morphology of Cr borides 
changes from blocky to cluster shape. 

In Fig. 4(b), small white phases surrounded by Cr borides are Nb 
carbides. In accordance with equilibrium phase diagram of Nb–C, the Nb 
carbides are NbC (3600 ◦C) which forms at a much higher temperature 

Fig. 11. (a) SE image of etched Ni60 sample. (b) BSE image in the same area.  

Fig. 12. EDS maps of the sample with 5 wt Nb%.  
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than Nb6C5 (1050 ◦C). 
The bright back ground consists of Ni dendrites and Ni–B–Si eutectics 

which have the same contrast in the BSE image of as-polished samples 

due to the large amount of Ni in the microstructures. However, they can 
be distinguished in the SEM image of etched sample as shown in Fig. 11. 

Ni dendrites can be distinguished in Fig. 11 (a) because its 

Fig. 13. OM images comparing the morphology of hard phases in samples with (a) 0 wt %, (b) 0.5 wt %, (c) 1 wt %, (d) 1.5 wt %, (e) 2 wt %, (f) 2.5 wt % 
Nb addition. 

Fig. 14. SEM-BSE images of Ni60 with (a) 1.5 wt%, (b) 2 wt%, (c) 5 wt%.  

Fig. 15. SEM - SE image of (a) Ni60, (b) Ni60 with 0.5 wt % Nb, (c) 3 wt %.  
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Fig. 16. Macro morphology of Ni60 and Ni60 with 2.5 wt % Nb.  

Fig. 17. Cracks in as-build sample of (a) Ni60, (b) enlarged view of framed area in (a), (c) Ni60 with 0.5 wt % Nb.  
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susceptibility to the etching solution. Among the Ni dendrites and hard 
phases are layered eutectics containing Ni, Fe, B, Si, as shown in EDS 
maps (Fig. 12). 

3.3. Microstructural changes with Nb nanoparticles addition 

OM and SEM were used to investigate the changes of microstructures 
in Nb nanoparticles modified samples. Fig. 13 shows the morphology of 
Cr hard phases with Nb nanoparticles addition from 0 wt % to 2.5 wt %. 

The Microstructure of hard phases changes significantly with the 
addition of Nb nanoparticles. With the increase of Nb nanoparticles 
addition, dendrites of Cr carbides decrease and finally disappear. The 
morphology of Cr borides changes from regular blocky shape to irreg
ular cluster shape. The cause of the microstructures change is the in-situ 
formed NbC nucleation sites. Fig. 14 shows the SEM-BSE images of Ni60 
with different Nb nanoparticles addition. 

In the sample with Nb addition less than 2 wt%, NbC precipitates are 
invisible. In the samples with Nb addition above 2 wt%, they exist in the 
midst of Cr borides and grows with the increase of Nb. Besides the hard 
phases, Ni dendrites and Ni–B–Si eutectics are also influenced by the 
addition of Nb nanoparticles. Fig. 15 shows the microstructural changes 
of Ni dendrites and Ni–B–Si eutectics. 

With the addition of Nb nanoparticles, Ni grains change from 
columnar dendrites to equiaxed grains. The continuous structure of 
Ni–B–Si eutectics is separated by equiaxed Ni grains and Cr hard phases. 
The modification effect of Nb nanoparticles on eutectics is obvious even 
in the sample with lowest Nb addition (in this case, 0.5 wt % Nb). In 
addition, eutectics can be further separated with the increase of Nb 
addition. 

Fig. 16 shows the layer bands in Ni60 and Ni60 with 2.5 wt% Nb. The 
layer bands are clearly visible in the Ni60 sample as arrowed in the 
picture. Layer band is a structure that forms during the remelt of existing 
layer. As discussed in our former research, in LMD Ni60 sample, layer 
bands possess a lower hardness than the rest of the sample which 
deteriorate the homogeneity. 

With the addition of Nb nanoparticles, layer bands became obscure 
and the homogeneity improved. Owing to the fast cooling rate and 
various cooling conditions, the microstructures of LMD Ni60 is hetero
geneous. With the addition of Nb nanoparticles, the microstructures 

become more homogeneous. The size and number of columnar dendrites 
decrease gradually. The morphology of hard phases changes from reg
ular shape to irregular. 

What’s more, it’s worth noticing that the addition of excessive Nb 
nanoparticles (in this case, about 5 wt % Nb) is not good for powder 
feeding, which will weaken the powder fluidity and lead to uneven 
powder feeding quantity. In long-term building, this may cause blockage 
of powder feeding tube, resulting in poor building quality. 

3.4. Cracking susceptibility and mechanical properties 

Three samples were built for each Nb content, and all of the Ni60 
samples have cracks and samples with addition of Nb nanoparticles are 
crack free. Fig. 17 shows as-build samples of Ni60 and Ni60 with 0.5 wt 
% Nb. Crack-free samples (Fig. 17 c) can be built with little amount of Nb 
nanoparticles addition. In Fig. 17 (a) and (b), 2 cracks can be observed 
and the longest one is about 10 mm. The cracks initiated from the 

Fig. 18. SEM-BE of over-etched (a) Ni60 and (b) Ni60 with 1 wt% Nb.  

Fig. 19. Microhardness of Ni60 samples with different Nb nano
particles addition. 
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junction between the substrate and sample, and grew up through layers. 
Because the secondary electronic signal is sensitive to the morpho

logical characteristics, so SEM - SE was used to identify cracks in sam
ples. Fig. 18 shows the SEM - SE image of Ni60 and Ni60 with 1 wt % Nb. 
Both of the samples were over etched to observe the microcracks. In the 
over etched sample, Ni dendrites dissolved in the etching solution 
leaving etching pits as shown in Fig. 18. Ni–B–Si eutectics were etched 
heavily, so microcracks are clearly visible in Fig. 18 (a). In Fig. 18 (a), 
cracks are straight slits of about 5–12 μm long and mainly exist in the 
eutectics structures. 

By comparing Fig. 18 (b), it is clearly visible that cracks in Nb 
modified sample are much less than that of the original sample and 
microcracks mainly exist in the eutectics. 

Ni60 alloy is used in the application where both high hardness and 
wear resistance are required, therefore it is essential to keep the hard
ness while tackling the cracking problem. Fig. 19 shows the 

microhardness of samples with different Nb content. The microhardness 
was tested on the cross section of the sample. 10 points were randomly 
tested for each sample. Statistical analysis result is shown in Table 4. 

Microhardness of samples with low content of Nb doesn’t change 
significantly. The sample with 2 wt % Nb addition possesses the lowest 
hardness which is about 702 HV. As shown in Fig. 19, with the addition 
of Nb, the fluctuation of hardness decreases indicating the improvement 
of homogeneity. 

As mentioned above, the addition of Nb nanoparticles decreases the 
cracking susceptibility of Ni60 alloy. In order to quantitatively charac
terize the cracking susceptibility which is related to toughness of the 
samples, tensile tests were carried out. Fig. 20 (a) shows the stress-strain 
curves of representative samples in this study. Three samples were tested 
for each content and the average stress and strain are shown in Fig. 20 
(b). It is obvious that the fracture mode of Nb modified samples is brittle 
fracture, the same as that of original alloy. With the increase of Nb 
content, the toughness of Ni60 alloy increased slightly. 

Fig. 21 shows the SEM images of fractures in Nb modified sample. 
With the contrast between BSE and SE images in the same area, cleavage 
fracture of hard phases, quasi-cleavage fracture of eutectics and ductile 
fracture of Ni can be observed. 

4. Discussion 

The cracking problem is an important reason to restrict the appli
cation of Ni–Cr–B–Si alloy in LMD. To investigate the new method to 

Table 4 
Statistical analysis of microhardness.  

Nb addition 0 wt 
% 

0.5 wt 
% 

1 wt 
% 

1.5 wt 
% 

2 wt 
% 

2.5 wt 
% 

3 wt 
% 

Mean (HV) 853.9 819.3 837.9 729.1 702.4 750.2 713 
Mean 

variance 
(HV) 

46.6 42.8 39.9 39.4 24.9 23.3 27.7  

Fig. 20. Stress-strain curves of (a) Ni60 with different Nb addition and (b) the average of strain and stress.  

Fig. 21. SEM - (a) BSE and (b) SE images of Ni60 sample with 2 wt % Nb in the same area.  
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modify microstructures, Nb nanoparticles were added in Ni60 alloy. It 
was observed that the addition of Nb nanoparticles modified micro
structures of Ni60 alloy and produced NbC nucleation sites thus 
reducing the cracking susceptibility with little hardness loss. What’s 
more, the addition of Nb nanoparticles was beneficial to reduce the 
sensitivity of Ni60 alloy to structural fluctuations during remelting 
hence mostly eliminated layer bands in LMD samples. 

Previous researches have reported the microstructure refinement of 
Cr hard phases (with Nb, Zr or V addition) in Ni–Cr–B–Si alloy, but the 
cracking tendency did not decrease [23,24]. Addition of Nb, Zr or V 
produces finer precipitates which should normally result in a decrease of 
cracking susceptibility according to Griffith theory [22]. A possible 
explanation for this can be the important contribution of the Ni–B–Si 
eutectics to cracking susceptibility on laser manufactured Ni–Cr–B–Si 
alloy. 

The eutectics in Ni60 alloy（ratio of Si/B is about 1.25）mostly 
contain Ni–Ni3B which is very hard and brittle. Fig. 18 (a) clearly shows 
the microcracks among the continuous eutectics in LMD Ni60 sample. 
Based on the findings of this study, the observed reduction of cracking 
susceptibility in Nb nanoparticles modified samples can be attributed to 
refinement of columnar dendrites which resulted in a separated eutectic 
structure as shown in Fig. 15 (b). Table 5 shows the formation temper
ature of phases in the samples according to equilibrium phase diagrams 
[27]. 

During the solidification of Ni60 sample, Cr hard phases formed at 
first and then Ni dendrites formed. Finally, Ni–B–Si eutectics fill the 
space between the hard phases and Ni dendrites. Although the solidifi
cation rate is relatively high during LMD, it is not sufficient to induce 
equiaxed growth for a columnar-to-equiaxed transition. As shown in 
Fig. 22, the growth of columnar dendrites leaves a thin layer of liquid 
between dendrites leading to cavities. With the cooling of the sample, 
cracks can initiate from these cavities and grow along the continuous 

eutectics due to thermal shrinkage. 
At the bottom of the sample, the cooling condition is very good, so 

there are a lot of dendrites which grow along the building direction 
(Fig. 23). Because of the different dilatation coefficient between Ni60 
and the substrate, the stress at the junction is very high. This can explain 
the crack initiation and growth in Fig. 17 (a). 

In contrast, samples with Nb nanoparticles addition show equiaxed 
grains and separated eutectics. Upon melting, Nb nanoparticles were 
pulled in to the melt pool and NbC were formed in-situ. NbC has a higher 

Table 5 
Phase formation temperatures according to equilibrium phase diagrams (◦C).  

Phase NbC CrB Cr5B3 Cr7C3 Cr23C6 Ni Ni3Si Ni3B Ni3Fe 

Temperature ◦C 3600 2100 1900 1766 1576 1455 1170 1156 517  

Fig. 22. Schematic representation of solidification of Ni60 alloy and Ni60 modified by Nb nanoparticles.  

Fig. 23. Dendrites at the bottom of LMD Ni60 sample.  
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formation temperature in comparison to Cr precipitates and Nb has a 
higher affinity for B or C than Cr does, providing an ideal heterogeneous 
nucleation site [19]. 

As shown in Fig. 22, the large number of nucleation sites induce 
equiaxed growth of Cr carbides and Ni grains at the same processing 
parameters of the original alloy. Fine equiaxed Ni grains and Cr hard 
phases make it easier for grains to rotate in semi-solid structures leading 
to less strain in the semisolid state. Further, fine equiaxed Ni grains and 
Cr hard phases separate the continuous eutectics thus prevent the 
growth of cracks and improve the homogeneity of Ni60 alloy. 

It’s worth noting that the decrease of crack susceptibility did not 
induce a significant hardness loss. With the addition of Nb nanoparticles, 
the hardness of Ni60 alloy slightly decreases. This is a combined influ
ence of Ni grains increasing, continuous eutectics decreasing and Cr 
hard phases refining. The increase of Ni grains and decrease of contin
uous eutectics should have deteriorated the hardness, however the 
refined and uniformly distributed hard phases increase the hardness. As 
a result, the hardness of Nb nanoparticles modified Ni60 alloy decreases 
slightly. 

As for the reason of improvement in tensile strength, besides the 
crack susceptibility improvement, the other reason is the morphology 
changes of hard phases. Cr hard phases change from blocky shape to 
cluster shape with addition of Nb nanoparticles. Because the cluster- 
shape hard phases have a better connection with surroundings than 
blocky phases, combined with the modification of dendrites, tensile 
stress improved with the addition of Nb nanoparticles as shown in 
Fig. 20. 

For Ni60 alloy, the addition of Nb nanoparticles shows a good effect 
on tackling the cracking problem. The new method of refining the 
dendrites and eutectics is an effective way to restrain the cracks. In this 
study, samples of small size can be built without cracks. To improve the 
application of the alloy on large size repairing and additive 
manufacturing, further development can focus on the improvement of 
alloy composition and the post-treatment technology. 

5. Conclusion 

We have used Nb nanoparticles in LMD to induce structural refine
ment of Ni60 alloy which has a very high cracking susceptibility during 
laser manufacturing, producing crack-free materials with very little 
hardness loss. The addition of Nb nanoparticles not only refined the hard 
phases in Ni60 alloy but also converted the columnar dendrites to 
equiaxed grains leading to a separated eutectic structure, constraining 
the initiation and growth of cracks. Our approach provides an effective 
method to tackle the cracking problem of Ni60 alloy and a new mech
anism to modified the microstructures of Ni–Cr–B–Si alloy, accelerating 
the adoption of Ni–Cr–B–Si alloys on additive manufacturing 
applications. 
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