INCLUSIVE PUBLISHING

Materials Research Express TRUSTED SCIENCE

PAPER « OPEN ACCESS You may also like

Microstructures and mechanical properties of Ni60  tiosca operies ciniconic
composite coatings

alloy fabricated by laser metal deposition Xinsheng Wang, Zhiguo Xing, Junjian Hou

etal

. . . - Study on microstructure and mechanical
To cite this article: Wenquan Wang et al 2020 Mater. Res. Express 7 016569 properties of Ni60 + WC/Ni35/AISI1040

functional surface gradient structure of
remanufacturing chute plate for the mining
scraper by a low cost high power CO,

laser cladding technigue
J Luo, JJ Gao, SW Gou et al.

View the article online for updates and enhancements.

- Microstructure and properties of plasma
cladding Ni-based alloy coated on 40Cr
Surface
Qiwen Xun, Yanhui Liu, Zengren Pan et al.

BREATH
DOWNLOAD THE FREE E-BOOK EISESY

This content was downloaded from IP address 3.144.187.103 on 03/05/2024 at 11:46


https://doi.org/10.1088/2053-1591/ab69c7
https://iopscience.iop.org/article/10.1088/2399-6528/ab7617
https://iopscience.iop.org/article/10.1088/2399-6528/ab7617
https://iopscience.iop.org/article/10.1088/2399-6528/ab7617
https://iopscience.iop.org/article/10.1088/2053-1591/aba6c2
https://iopscience.iop.org/article/10.1088/2053-1591/aba6c2
https://iopscience.iop.org/article/10.1088/2053-1591/aba6c2
https://iopscience.iop.org/article/10.1088/2053-1591/aba6c2
https://iopscience.iop.org/article/10.1088/2053-1591/aba6c2
https://iopscience.iop.org/article/10.1088/2053-1591/aba6c2
https://iopscience.iop.org/article/10.1088/2051-672X/acf779
https://iopscience.iop.org/article/10.1088/2051-672X/acf779
https://iopscience.iop.org/article/10.1088/2051-672X/acf779
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsv4hfCCSRW_blo8OL-_bpJxs1iCWaXkPZPC5mz6SEs_xv2gmgcgUNrfqJ7hMVovZrrrOEuzSY8E8u81-WDlQLdfT1oPzYaQSEVEkrNIku0I88BIlH6b7Ce48_dpSILpmfle3IoRke7csPUxu0FMu8VjpWni8LNmi-hd4OkW1ur7uMnDkGi4cz7B6e7l_UH_9NGQJaZzhfkIDrK-msfTwHT0g4cFQSgfJBaBWlyYSqbmhMJno44IgR_P9zDuVnhtAQ2eRxarY4SDEjmUVsTTPuOv88y79fQQ10xaluym-DMcJmvz_ZQ013iAmckB8xJspunMxOhX1DLJvFrDG2cDG2u9L31FGw&sig=Cg0ArKJSzP0e7gNW1fV2&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

10P Publishing

® CrossMark

OPENACCESS

RECEIVED
30 October 2019

REVISED
22 December 2019

ACCEPTED FOR PUBLICATION
9 January 2020

PUBLISHED
20 January 2020

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Mater. Res. Express7 (2020) 016569 https://doi.org/10.1088/2053-1591 /ab69c7

Materials Research Express

PAPER

Microstructures and mechanical properties of Ni60 alloy fabricated
by laser metal deposition

Wenquan Wang', Liang Liu' ®, Xinge Zhang', Zimu Shi’, Yingtao Tian’ and Jixing Lin*

! College of Materials Science and Engineering, Jilin University, Changchun 130025, People’s Republic of China

> Key Laboratory of Materials Physics, Institute of Solid Physics, Chinese Academy of Science, Hefei 230031, People’s Republic of China
* Department of Engineering, Lancaster University, Bailrigg, Lancaster LA1 4YW, United Kingdom

* Department of Material Engineering, Zhejiang Industry & Trade Vocational College, Wenzhou 325003, People’s Republic of China

E-mail: zhangxinge@jlu.edu.cn

Keywords: laser metal deposition, Ni60, Ni-Cr—B-Si alloy, 3D printing, microstructure, mechanical property

Abstract

Due to its low melting point and high hardness, Ni60 (Ni-Cr—B-Si) alloy is widely used as surface
cladding material for mould steel. In present study, Ni60 alloy thin-walled samples were fabricated
using laser metal deposition (LMD) technology on H13 steel substrate which is usually used as mould
material. The microstructure and mechanical properties (microhardness and wear resistance) of LMD
Ni60 alloy were investigated. The results show that the LMD Ni60 alloy sample is mainly composed of
Ni, NizFe, Ni;B, Ni;Si, CrB, CrsB; and Cr,Cs. The microstructures of the sample mainly include Ni—
B-Si eutectics, Ni columnar dendrites and precipitates (boride and carbide). In the region with faster
cooling rate of the sample, eutectics take a larger proportion, meanwhile precipitates are refined and
dispersed uniformly. So hardness of the region can reach 950 HV. In the interlayer region, eutectics
decrease while Ni dendrites increase because of the influence of remelting. The hardness of this region
isabout 750 HV. Wear resistance tests indicated that the wear resistance of LMD Ni60 alloy is about 9
times of H13 steel.

1. Introduction

Ni60 (Ni-Cr—B-Si) alloy is a well-known hard-facing alloy with excellent wear resistance, corrosion resistance,
low melting point and self-fluxing property [1]. With its unique performances, Ni60 alloy is widely applied for
surface coating, mould repairing and mould producing by spraying, fusing and laser cladding techniques [2, 3].
Recently, LMD technique has been applied in producing and repairing of complex components, the use of which
is not limited by the complexity of components [4].

Previous works on LMD mainly focused on steel, Ni-based super alloy, Ti-6Al-4V, and Al alloy [5-7]. There
are only a few investigations on additive manufacturing of Ni-Cr—B-Si hard-facing alloys. Abe et al made high
strength metallic components by selective laser melting (SLM) method. They found that moulds can be formed
using Ni-Cr—B-Si alloy, but defects were observed [8]. Kozo Osakada et al fabricated Ni-Cr—B-Si alloy moulds
by SLM, and the finite element simulation was used to optimize process to avoid defects [9]. Andrea Angelastro
et alinvestigated direct laser metal deposition (DLMD) of Ni-Cr—B-Si alloy (Colmonoy-227). They studied the
effects of process parameters such as hatch space, step height, laser power, scanning speed, specific energy and
powder flow rate on the quality of DMLD components, and a mathematical model was used to obtain the
optimum parameters [10—12]. Paul et al fabricated Ni-Cr—B-Si alloy (Colmonoy-6) bushes without defects by
laser rapid manufacturing (LRM), and the quality of LRM components compared well with these fabricated
using tungsten arc welding (GTAW) [13]. Hemmati et al investigated the microstructure and phase formation of
laser cladded Ni—Cr—B-Si—C hard-facing alloy. They found that Ni-Cr—B-Si coatings consisted of different
kinds of Cr boride, Cr carbide, dendrites of Ni solid solution and Ni-B—Si eutectics, and the microstructure
depend on alloy compositions and processing parameters [14—16]. In summary, these works on additive

© 2020 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2053-1591/ab69c7
https://orcid.org/0000-0002-6183-1671
https://orcid.org/0000-0002-6183-1671
mailto:zhangxinge@jlu.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab69c7&domain=pdf&date_stamp=2020-01-20
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab69c7&domain=pdf&date_stamp=2020-01-20
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0

10P Publishing

Mater. Res. Express7 (2020) 016569 W Wang et al

Scanning direction

Substrate

Figure 1. Scheme of LMD system.
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Figure 2. SEM image of Ni60 powder.

manufacturing of Ni-Cr—B-Si alloys have mainly focused on the optimization of process parameters, but the
research on microstructure and properties of LMD Ni—Cr—B-Si alloys is not mature [17].

In the present work, LMD technique was used to fabricate Ni60 alloy multi-layer thin-walled components
on H13 steel substrate which is usually used as mould material. This study focused on the microstructure, phase
constitution and phase formation in different regions of the LMD Ni60 alloy component. Mechanical properties
such as hardness and wear resistance were also studied. The correlation between microstructure and hardness
was discussed in detail.

2. Experimental materials and methods

The LMD equipment consists of a semiconductor laser device (maximum laser power is 1000 W), powder feed
system and IRB1410-ABB robot controlled by computer. Figure 1 shows the scheme of LMD process. Ni60 alloy
powder used in this study was produced by gas atomization. The particle size varied from 53 to 150 zm as shown
in figure 2. Table 1 shows the composition of Ni60 powder. Ni60 alloy was deposited as thin-wall samples on
H13 steel plates as shown in figure 3. In order to study the microstructure and avoid cracks, optimized
parameters were used, as shown in table 2.
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10mm
Figure 3. Appearance of LMD Ni60 sample.
Table 1. Compositions of Ni60 alloy powder (wt/%).
Ni Cr B Si Fe C
Bal. 16.00 3.20 4.00 15.00 0.80

Table 2. Parameters of LMD.

1 1 1

Laser power/W Scan speed/mm - s~ Spot diameter mm Powder feed rate/g - min~ Z increment/mm

400 5 1.25 7.3 0.6

Ni60 powder was fed into the melt pool through a coaxial nozzle. Argon acted as the powder carrier and
shielding gas to prevent the melt pool from oxidation. Metallographic specimens were etched with a mixture
solution consisted of 20 ml HNO3, 20 ml CH;—COOH and 30ml HCI. Microstructure of samples were
investigated by optical microscopy (OM) (Zeiss Axio Imager A1m) and scanning electron microscopy (SEM)
(TESCAN VEGAB3) equipped energy-dispersive spectroscopy (EDS). X-ray diffraction (XRD) (Rigaku D/Max
2500PC) was used to analyze phase constitution of samples. The hardness of samples was measured using MH-3
Vickers hardness tester with 500g load and 10s load time. Wear resistance of samples was tested using ML-100
abrasion tester in comparison with H13 tool steel substrate.

3. Results and discussion

3.1. XRD analysis

Phase constitution of the LMD sample is complicated because of the rapid heating and cooling process.
According to previous studies, microstructure constitution of Ni-Cr—B-Si alloy mainly includes Ni dendrites,
boride and carbide precipitates as well as binary and ternary Ni-B-Si eutectics [16]. The XRD analysis of the
phases was carried out by using a Rigaku D/Max 2500PC system based on the 20 method and the results are
shown in figure 4. The data was processed by using MDI Jade (version 6.5) software and the major phases in the
sample specimen were identified as Ni, Ni;Fe, CrB, Cr5B3, Ni;B, Ni;Si and Cr,Cs, corresponding to the relevant
diffraction peaks as labled in figure 4. In laser formed Ni-Cr—B-Si alloy, CrB, CrsB; and Cr,Cs are typical hard
phases. Ni exists in Ni dendrites, meanwhile NisFe, Ni;B and Ni;Si exist in eutectics [15].

3.2. Microstructure observation

Figure 5(a) is the OM image of cross section of the sample. The LMD sample is a multilayer stack of laser
deposited tracks. According to the difference of microstructure, the sample can be divided into three regions (I,
II, IIT) as indicated in figure 5(a). Microstructures in different regions are presented from figures 5(a)—(e).
Region Iis the center of deposited layer. Region II is the remelting area between two layers. Because of the
remelting of the base layer, microstructure of region IL is significantly different from region I. Region Il is close

3
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Figure 4. XRD pattern of LMD Ni60 alloy.
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Figure 5. OM image of Ni60 alloy sample in cross section (a); low-magnification OM image of region I (b); high-magnification OM
image of region I (c); low-magnification OM image of region II (d); low magnification OM image of region III (e).

to surface of the sample. The temperature gradient in this region is larger and the cooling rate is faster than
regionlandII.

3.2.1. Microstructure of Region I

Figure 5(b) shows that the microstructure consists of precipitates, dendrites and eutectics in the region I.
Different shape and size of precipitates can be observed. Figure 5(c) shows that there are two kinds of blocky
precipitates. Gray blocky precipitates are bigger and more distributed than the white ones. Some of the white
precipitates have dendritic structure. Figure 6 presents the SEM and EDS analysis of the region I. It shows that
the dendrites in figure 5(b) are Ni dendrites. Ni, B and Si distribute uniformly in eutectics. Light colored
precipitates are Cr carbides because of the concentration of Cr and C. Deep colored precipitates are Cr borides
because of the concentration of Cr and B. Based on the XRD analysis, the microstructures of region I consist of
Ni dendrites, Ni-B-Si eutectics and precipitates (CrB, CrsBs, Cr,Cs ).

3.2.2. Microstructure of Region 11

Region Il is the interlayer region. The width of this region is about 60—-80 ym as shown in figure 5(d). Due to the
laser remelting, the microstructure in this region is significantly different from the region I and III. Compared
with the region I, the proportion of dendrites and precipitates in the region Il is larger, and the proportion of
eutectics is smaller. In addition to the blocky precipitates, some precipitates are dendritic which distribute

4
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Figure 7. SEM(a) and EDS images of region I Cr (b); Ni (c); Si (d); Fe (e); C (£); B (g).

radially around the block Cr borides as shown in figures 5(c)—(d). Figure 7 is the result of SEM and EDS analysis
of the region II, and it can be concluded that the dendritic precipitates are Cr;C; combined with XRD analysis.

3.2.3. Microstructure of Region ITI

Figure 8 shows the results of SEM and EDS analysis of region III. Because of the higher cooling rate, the size of
precipitates in region III is smaller than region Iand IT. Compared with other two regions, Ni dendrites in this
region are less and eutectics are more.

3.3.Mechanism of microstructure formation

XRD analysis shows that the phase formation of the LMD Ni60 alloy is complicated. During the LMD process,
different cooling rates lead to different solidification morphology [16]. According to Cr-B, Cr—C, Ni-B, Ni-Fe
phase diagram [18], temperatures of phase reactions that may occur during LMD process are as follows:

2100°C L — CrB
1900 °C L + CrB — Cr5B;
1687 °C L — CrCs
1455°C L — Ni
1156 °C L — Ni3B
1093 °C L — Ni + Ni3B
347 °C v — « + NisFe
In the solidification process of region I, Cr borides and carbides form at first. Next, as the temperature goes

down, dendrites of Ni appears. At last, Ni-Cr—B eutectics fill the space between precipitates and dendrites. In
Region II, alarge number of precipitates and Ni dendrites appear due to partly remelting of the fore deposited

5
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Figure 8. SEM(a) and EDS images of region III Cr (b); Ni (c); Si (d); Fe (e); C (f); B (g).
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Figure 9. Microhardness distribution of sample along X direction.

layer. When the fore deposited layer is partly remelted, temperature rise and eutectics melt. But the temperature
is not high enough to melt Ni dendrites. When it begins to solidify, Ni dendrites grow up and the proportion of
Ni dendrites significantly increases. Because the increase of dendrites consumes a lot of Ni, eutectics decrease
compared to region I. The decrease of eutectics led to the enrichment of B element which is in favor of the
formation of Cr precipitates.

Region IIT is close to the edge of the sample as shown in figure 5, so the cooling rate is very fast. The large
temperature gradient promotes the precipitates nucleation and restrains the growth of Ni dendrites. During the
solidification process, growth of precipitates was very limited. When the temperature decreases to the eutectic
temperature, there are more Siand B element left in the melt which causes the increase of eutectics.

Due to the high cooling rate, typical floret-shaped structure forms in the LMD Ni60 alloy. According to the
existing research, this kind of structure is the product of the non-equilibrium eutectic reaction at about 1100 °C
which is composed of layered Niand CrsB; [14]. As shown in figures 5(c) and (d), Cr,Cs dendrites grow radially
around the Cr borides. According to the Cr—C and Cr-B phase diagrams, formation temperature of Cr,Cj is lower
than Cr borides. Therefore, during the solidification process, Cr borides are firstly precipitated, and then Cr carbides
nucleate attaching to first precipitate borides. With the growth of Cr carbides, radial structure forms at last [16].

3.4. Hardness and wear resistance

The hardness test was conducted along the X and Y directions on the cross section of sample as shown in
figures 9 and 10. The average hardness of region I and region Il is about 850 HV and 800 HV, respectively. The
average hardness of region IIT is the highest which is about 900 HV.

6
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Figure 11. Wear resistance of H13 steel and Ni60 alloy.

Among the phases of the Ni60 alloy, the hardness of Ni dendrites is 280-365 HV. The hardness of Cr
carbides is 1080-1450 HV. The hardness of Cr borides and Ni borides can reach 1500-2400 HV [19]. Therefore,
the distribution of the eutectics and the precipitates determines the hardness of LMD Ni60 alloy. Figure 9 shows
the hardness distribution on the cross section of sample along the X direction. It is obvious that the hardness on
both edges of the sample is higher than the middle. This is because the cooling rate on both edges of the sample is
faster, and the precipitates such as CrB, CrsB; and Cr,C; are finer and distributed uniformly, in addition to the
increase of eutectics and the decrease of Ni dendrites.

Figure 10 shows the hardness distribution of the sample along the Y direction. The lower hardness appears at
the remelting region, because of the decrease of the eutectics as well as the increase of precipitates and Ni
dendrites. As indicated in figure 10, the hardness distribution in the range of 0~4000 psm is relatively stable, and
the hardness in the range of 4000~9000 pim begins to decrease, but it increases again near the top of the sample.
This is because in the first few LMD layers, the sample is mainly cooled by the substrate where the cooling rate is
faster. With the increase of layers, the cooling condition of the melt pool becomes worse and worse, and the
cooling rate decreases, resulting in the decrease of the hardness. At the top layers, the hardness rises again.
Because at the final stage of the process, the melt pool is easier to dissipate heat to the surrounding environment,
and the cooling rate is faster, so the hardness increases.

The wear resistance of the LMD Ni60 alloy was studied by comparing the H13 steel substrate which is usually
used as mould material. Results are shown in figure 11. Under the same wear test conditions, the weight loss and
heightloss of the LMD Ni60 alloy specimens were 0.0296 g and 0.196 mm respectively. The weight loss and

7
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Figure 12. Wear morphology of H13 steel (a) and Ni60 alloy (b).

heightloss of the H13 steel were 0.2673 g and 1.207 mm respectively. The wear resistance of the LMD Ni60 alloy
sample is about 9 times of the H13 steel. Figure 12 shows the wear morphology of H13 steel and LMD Ni60
samples. The furrows on H13 steel sample were long and deep, while furrows on the Ni60 alloy sample were
shallow. The wear resistance of LMD Ni60 is significantly better than that of H13 steel.

4. Conclusion

(1) The thin-walled Ni60 alloy sample was successfully fabricated by LMD technology. With the optimized
process parameters, a well-formed sample with no macro cracks was obtained.

(2) The LMD Ni60 alloy is mainly composed of Ni dendrites, Cr borides, Cr carbides and eutectics. The
difference in cooling rate results in different microstructures in different regions of the sample. In the region
where the cooling rate is faster, eutectics increase, meanwhile the precipitates are finer and uniformly
distributed. In the interlayer regions, Ni dendrites and precipitates increase and eutectics decrease.

(3) Refiner precipitates and larger amount of the eutectics can increase hardness of LMD Ni60 alloy. Laser
remelting which causes the increase of precipitates and Ni dendrites can decrease the hardness of the LMD
Ni60 alloy. The average hardness of the LMD Ni60 alloy is about 850 HV, and the wear resistance of LMD
Ni60 alloy is about 9 times of the H13 steel.
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