Study on fabrication of grinding wheel in Selective Laser Melting
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Abstract. Selective laser melting (SLM) is a promising technique to build grinding wheels with
complex structures. In this paper, Ni-based self-fluxing alloys are chosen as bond materials to
investigate single track formation on a steel substrate under different processing parameters. Results
show that irregular and balling tracks are obtained with a low linear energy density (LED). The width
of a melt pool increases linearly with LED. For LED values larger than around 0.9 J/mm, keyhole
occurs in the melt pool, which is not desirable in the SLM process. Energy dispersive spectroscopy
(EDS) mapping is performed to investigate the formation of the melt pool. Through an analysis on
chemical distributions, it is found that the melt pool has a mixture of the partly melted substrate and
powders. However, in the keyhole region, only the alloying elements of the substrate are detected due
to the repulsion of the melted powder materials caused by the recoil pressure. This work can offer
guidance on parameter optimization for the fabrication of SLMed grinding wheels.

1. Introduction

As an additive manufacturing technique, Selective Laser Melting (SLM) has widely been applied
to many industries, including medicine, electronic, automotive, and aerospace. Based on powder
melting layer by layer at 20-100 um, SLM possesses promising capabilities of producing parts with
complex geometries, such as porous or lattice lightweight structures [1-3]. The mechanical properties
of an SLMed metallic part can be comparable to its wrought counterpart. Also, functionally graded
multi-material parts and particle reinforced composites can be fabricated by SLM [4]. However,
defects in the as-built parts such as porosities, balling, cracks, and rough surface, are detrimental to
the final mechanical properties of SLMed part [5]. Many researches have been carried out to reduce
or eliminate the defects in SLMed parts. However, these defects have little effect on the properties of
a grinding wheel. Porosities in the grinding wheel play a significant role in a grinding process. High
porosities in a grinding wheel can provide enough space to accommodate grinding fluid and debris,
leading to a lower grinding temperature rise and less clogging [6]. Cracks can enhance the self-
sharpening ability of a metal-bonded grinding wheel.

A metal-bond grinding wheel is normally manufactured through hot-press sintering (HPS),
electroplating, or brazing. However, HPS can hardly fabricate grinding wheels with a high porosity
ratio and complex structures [7]. For electroplating and brazing grinding wheels, the thickness of the
abrasive layer is greatly limited, reducing the life of the grinding wheels. Combined with the
advantages of additive manufacturing, grinding wheels with a complex structure and high porosity
ratio can be fabricated. In addition, the arrangement of abrasives and porosities can be controlled.

Studies have been carried out to fabricate grinding wheels by additive manufacturing. Spierings
et al. [8] took a feasibility study on fabrication of grinding wheels with the Cu-Sn-Ti brazing alloys
in SLM. Metal-diamond composites with 10 Vol% and 20 VVol% Ni-coated diamonds were fabricated,
within which a few cracks and little graphitization of diamond occurred. Yang et al. [9] applied a
CNC laser machine to fabricate grinding wheels with a regular grain distribution. The arrangement
of diamond grains could be controlled by a feeding device. Qiu et al. [10] developed a
stereolithography apparatus to produce a resin-bonded grinding wheel with the optimized diamond
arrangement. Through additive manufacturing, the internal structure and porosities could be
fabricated and controlled. Du et al. [11] used selective laser sintering to fabricate grinding wheels



with internal cooling holes to improve grinding performance. Tian et al. [3, 6, 12] fabricated SLMed
grinding wheels with controllable porosity shapes, sizes, and distributions through the designed
cellular structures. The porosity ratio of the grinding wheel was maintained at 53% or higher, offering
good cooling and lubrication conditions.

Due to the track-by-track process, the quality of an SLMed part often shows its quality greatly
influenced by the individual tracks. Investigation on the formation process of the individual tracks is
beneficial to understanding physical phenomena such as heat transfer, fluid flow, and mass transfer
in a melt pool. In addition, processing parameters can be optimized through an analysis on melt pool
dimensions [13, 14]. In this paper, single tracks of the Ni-based alloys are formed on a steel substrate
at different laser power levels and scanning speeds. The quality of the single tracks and melt pool
dimensions are analyzed for parameter optimization in fabrication of SLMed grinding wheels. Mass
transfer of a melt pool in both conduction mode and keyhole mode is studied through energy
dispersive spectroscopy (EDS) mapping.

2. Experimental procedures

2.1 Materials and experimental conditions
The NiCrBSi self-fluxing alloy was chosen as a bind material that has a melting point 970-
1000 °C. The substrate was made by the AISI 1045 steel. Chemical compositions of the powder and
substrate are given in Table 1. Based on the previous studies on NiCrBSi [9], Cr could enhance the
wettability of the bind material to diamond abrasives, B and Si were effective in lowering the melting
point. The gas-atomized powders with spherical shape were used in the experiment. The powders
have the particle size distribution shown in Fig. 1.
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Figure 1. (a) SEM images of the NiCrBSi powder, (b) particle size range
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Table 1. Chemical compositions of the powder and substrate (wt.%)

Chemical compositions (wt.%)

Ni Cr Fe B Si C Mn
Powder Bal 7.0 3.0 3.1 4.5
Substrate <0.25 Bal 0.42-0.50 0.5-0.8

Table 2. Processing parameters for single track in SLM

Parameters Values

Laser spot size, D 120 um

Powder layer thickness, h 100 um

Laser power, P 80,100,120,140, 160, 200, 240 W
Scanning speed, V 100, 150, 200, 250 mm/s

SLM equipment (Dimetal-100H, Guangzhou Laseradd Technology Corporation) with a
maximum laser power 250 W was used in the experiment. A defocusing Gaussian laser beam was
applied to gaining a large spot. The defocus distance was 2 mm and diameter of the laser spot (D)
was about 120 um. The thickness of the powder layer (h) was 100 um. Before the experiment,
sandblasting treatment was performed on the substrate. A series of single tracks were fabricated on



the substrate at various laser powers (P) and scanning speeds (V), as listed in Table 2. All the
experiments took place under a protective argon atmosphere.

2.2 Morphological characterization

The surface morphology of single tracks was observed by the ultra-depth 3D microscopy
(Keyence, NHX-7000) and confocal laser scanning microscopy (Keyence, VK-X1000). Cross-
sections perpendicular to the scanning direction were prepared, polished and etched for evaluating
the width (w), height (h) and depth (d) of the single tracks. The dimensions were measured at three
different locations in continuous tracks without balling. Scanning electron microscopy (SEM, Zeiss
Merlin) and energy dispersive spectroscopy (EDS) were performed to determine the element
distributions.

3. Results and Discussion

3.1 Track morphology
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The surface morphologies of single tracks under different laser powers and scanning speeds are
shown in Fig. 2. Three types of track morphologies, including continuous, irregular, and balling, can
be found [15]. All the tracks were continuous with a scanning speed of 100 mm/s. As the scanning
speed was increased to 150 mm/s, irregular tracks were formed. Balling tracks and barely connected
metal droplets occurred at a higher scanning speed of 250 mm/s. The track morphology was
associated with the Linear Energy Density (LED), which is defined as LED = P/V. At low LED values,
the substrate was barely melted and the melt pool of powders changed from the comet-like shape to
the spherical beads due to the surface tension. Because of the Plateau-Rayleigh instability, a melt-
free cylindrical shape tended to break up into an array of small droplets [13, 16].

Two types of melt pools were observed through the cross-sectional analysis, i.e., conduction
mode and keyhole mode. The cross-sections were etched by ethanol solution of 4% HNO3 for 10
seconds to distinguish the melt pool from substrate. Since the NiCrBSi alloy could hardly be etched
by the etchant, the melt pool showed a bright region by the optical microscopy, as shown in Fig. 3.
In the conduction mode, the mixed melt pool exhibited a shallow semicircular shape. A heat affected
zone (HAZ) was formed between the melt pool and substrate. In HAZ, quenching and tempering
processes occurred because the temperature was insufficient for dissolution of the material grains. In
the keyhole mode, the depth of the melt pool was several times of the width. An interface divided the
melt pool into two regions. The bright region was similar to the melt pool in the conduction mode,
while the grey region existed in the bottom after etching. It is assumed that the bottom part hardly
contains the elements from the supply powders, which was confirmed by EDS mapping. In the middle




and at the left and right sides of the interface, the mixed melt pool extended down into the grey region,
showing an “M” profile.
Conduction mode

Mixed
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Figure 3. Melt pool
morphology of the conduction
mode (left) and the keyhole
mode (right)

3.2 Geometry measurements

The dimensions of the melt pool are shown in Fig. 4. A roughly linear relationship between the
width and LED is found. A large LED value means excess energy input, leading to an intensive heat
flow to melt the nearby particles and increasing track width. Furthermore, the scanning speed does
not seem to affect the track width as the LED values are identical.
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Figure 4. Geometry analysis of the melt pool at different parameters (a) Width; (b) Depth; (c) Height

The melt pool depths in both the conduction and keyhole modes are plotted in Fig. 4(b). An
increasing trend of the track depth with LED can be observed. Conduction mode was obtained with
LED lower than 0.75 J/mm. When LED was larger than 0.9 J/mm, keyhole formed in the melt pool.
The shift from the conduction mode to the keyhole mode was not quite clear due to large data
deviation. For example, both conduction and keyhole modes were observed with a melt depth ranging
from 45 um to 200 um. The data scattering was caused by the unstable interaction between the laser
beam and the melt pool. Also, spatters had a great effect on the melt pool depth due to laser shadowing
[17]. A large melt pool depth is not desired because the previous layer may be melted, causing a high
level of the thermal residual stresses.

According to a study of Yadroitsev et al. [13], the major factor of melt pool height is layer
thickness. While in this paper, the height of a melt pool increases with melting depth, as shown in
Fig. 4(c). Actually, the depth of a melt pool is a reflection of laser energy absorption. Nearby particles
can be melted and converged into the melt pool with large laser energy absorption, leading to an
increase in the melt pool height.

3.3 Chemical distribution inside the mixed melt pool

In general, the mixed melt pool is composed of both powder and substrate materials. Particularly
in the keyhole mode, the mixed melt pool is divide into two regions, as shown in Fig. 3(b). In order
to study the formation of a melt pool, chemical distributions of Fe and Ni were obtained by EDS



mapping, as shown in Fig. 5. Fe and Ni are the primary elements in the substrate and NiCrBSi
powders, respectively.

Inside a melt pool of the conduction mode, the top region was concentrated with more Fe, but
with less Ni. Chemical segregation occurred due to flow in the melt pool, which was driven by
thermos-capillary convection, i.e., the Marangoni convection. Due to the rapid solidification in the
SLM process, the melted powders and substrate were hardly well mixed.

In the keyhole mode, chemical segregation got more obvious in the mixed melt pool, as shown
in Fig. 5(b)-(1). In the top region of the melt pool, the Fe element took an approximately round shape
in the middle, and is surrounded by the Ni element. A swirl-like pattern was observed in the bottom
region of the mixed melt pool, as shown in Fig. 5(b)-(11). The mixed melt pool extended down at the
left and right sides of the interface. In the keyhole region, the elements from the supplying powders
were hardly detected. The characteristics of the melt pool in keyhole mode were exactly associated
with intensive laser radiation, causing metal vapor and strong fluid flow. When metal vapor occurred,
recoil pressure was induced and the melted powders were pushed to the sides of the melt pool [17].
Thus melted powders could hardly get into the keyhole region. As recoil pressure decreased or
vanished, the melted powders flowed toward the middle to mix with melted substrate due to
Marangoni convection.
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Figure 5. Chemical distributions in the melt pool: (a) conduction mode; (b) keyhole mode — the top
region (I) and the bottom region (1) of the mixed melt pool

4. Conclusions
In this paper, selective laser melting was adopted to fabricate grinding wheel bond with the
NiCrBSi self-fluxing alloys on a steel substrate with single tracks. The paper investigated and
analyzed the morphology and dimensions of the melt pool of the SLM tracks. The element
distributions were also studied to understand the melt pool formation. The following conclusions can
be drawn,
e Continuous tracks are obtained with a proper LED and scanning speed. In a low LED,
irregular and balling tracks are formed.
e A linear relationship of the melt pool width with LED is established. The melt pool roughly
shifts from the conduction mode to the keyhole mode at an LED level larger than 0.75 J/mm.
An increasing trend of track height with melting depth is observed.
e The melt pool contains a mixture of the elements from the supplying powders and substrate,
which leads to element segregation. No elements from the supplying powders are detected in
the keyhole region due to the recoil pressure generated by the intensive laser radiation.
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