The International Journal of Advanced Manufacturing Technology (2020) 107:2387-2395
https://doi.org/10.1007/s00170-020-05199-9

ORIGINAL ARTICLE

®

Check for
updates

Additive manufacturing of metal-bonded grinding tools

Berend Denkena' - Alexander Krodel ' - Jan Harmes' - Fabian Kempf’ - Tjorben Griemsmann? - Christian Hoff? -
Jorg Hermsdorf? - Stefan Kaierle?

Received: 8 January 2020 / Accepted: 9 March 2020 /Published online: 20 March 2020
© The Author(s) 2020

Abstract

Grinding tools with superabrasive grains can be manufactured from different bond materials. In several industrial applications,
metallic bond systems are used. In general, these show good grain retention and offer a high thermal conductivity, when
compared to the other widely used bond types such as vitrified and resin bonds. One drawback of the metallic bond is the lack
of pores in the grinding layer. This is caused by the manufacturing processes that are typically used, like brazing or hot pressing.
These generally produce very dense layers. The high density and low porosity lead to comparatively little space for the transport
of lubricant, coolant, and chips. One approach to eliminate this disadvantage is to introduce cavities into the grinding layer, using
the laser powder bed fusion technique (LPBF). In order to evaluate the general suitability of LPBF in combination with the bond
material and diamond grains, grinding layer samples with a nickel-titanium bond were produced. The abrasive behavior of these
samples was tested in scratch tests on cemented carbide to verify the applicability as grinding tools. While the diamond grains in
the powder mixture are not part of the fusion process, they also did not interfere with the manufacturing process, and the scratch
tests showed promising abrasive capabilities. The grinding layer itself withstood the process forces, and no grain breakout could
be observed. This indicates that the grain retention forces are high enough for the grinding process and that NiTi has a high
potential as a bonding material for the manufacturing of grinding tools via LPBF.
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1 Introduction

Superabrasive grains offer a high wear resistance compared to
corundum and silicon carbide, which allows the manufactur-
ing of high-performance grinding tools. Different bond sys-
tems can be used to build these tools, such as ceramic (vitrified
bond), polymer (resin bond), and metal (electroplated or
sintered), as well as a couple of types of newer hybrid bonds.
Each bond has its unique spectrum of properties, which de-
fines the suitability for the respective grinding application.
Metal bonds, in general, retain the diamond grains better than,
for example, vitrified or resin bonds and also exhibit a higher
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thermal conductivity than these bond types. However, they
have low porosity and therefore less room for transporting
chips and lubricant [1]. The latter can in part be compensated
by the overall good thermal conductivity of the entire tool. For
bronze-bonded grinding wheels, it has been shown that the
mechanical properties directly relate to the grinding behavior
in the form of different grain protrusions after sharpening [2]
and the wear rate during grinding [3]. These mechanical prop-
erties, for example, change when the grain concentration is
increased. This is mainly caused by the reduction of the bond
content. For bronze bonds, this reduction leads to a decrease in
critical bond stress. The relation between grain content and
critical bond stress can be described by a linear trend [4, 5].
This effect can also be transferred to porosity, causing porous
metal-bonded tools to be more demanding during the
manufacturing process, because of the decreased load-
bearing capability of the grinding layer in comparison to dense
tools. In recent years, porous metal-bonded grinding wheels
were developed to further improve the performance of metal-
bonded grinding tools [6]. These tools combine the character-
istic properties of metallic bonds with the ones from vitrified-
bonded grinding tools in a way that improves the grinding
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behavior: The excellent thermal properties and low tendency
to wear of the metallic bond are improved by the high porosity
of the vitrified bond, improving chip transport from, and
coolant/lubricant into the contact area [6, 7].

One approach to generate pores in metal bonds is the
manufacturing of the grinding layer via additive manufactur-
ing techniques. Laser powder bed fusion (LPBF) is a well-
known additive manufacturing (AM) technique, which en-
ables the construction of metal parts with functional integra-
tions, small rate productions, and topology optimized products
for weight reduction with increased stiffness. Another major
advantage is the production of individual products without a
need for special tools and long production times [8]. LPBF is a
technique for a large range of metal powders. The fabrication
of stainless steel, aluminium, titanium, cobalt chrome, and
nickel-based alloys is already state of the art in several indus-
tries like aircraft, space, molding tools, and medicine [9]. But
there is a high effort in research to develop processes for
several other materials like magnesium alloys or NiTi [10,
11]. In the case of grinding tools, this technique could enable
the construction of fully functional prototypes and tools for
special applications with small lot sizes. Another future appli-
cation could be the integration of special engineered cavities,
which support the grinding process.

Ni-Ti alloys are suitable as a new type of bond for high-
performance grinding wheels due to their chemical grain
bond. Because of its high ductility and the affinity for work
hardening, NiTi is difficult to handle in milling processes [12].
For this reason, laser techniques are predestinated for process-
ing NiTi. For the manufacturing of 3D structures, LPBF can
be used. Because of the interesting material characteristics,
like shape memory effect or superelasticity, several research
groups are conducting investigations on pure pre-alloyed NiTi
in additive manufacturing [13—16]. There are also reports
about trials with elemental nickel and titanium powders [17].
Recently, it was shown that the manufacturing of grinding
layers using AISi10Mg as a bond and diamonds as abrasive
is possible [18]. In these investigations, the formation of the
salt-like carbide aluminium carbide (Al,C;) between the dia-
mond and the bond was postulated. The application of these
tools showed good grain retention, which allowed the removal
of material from a workpiece of quench-hardened
CrdW2MoV cold die steel [19]. Spierings et al. used a Cu-
Sn-Ti-Zr alloy and nickel-coated diamonds as a composite
material in the LPBF process. The results are showing some
porosity and cracks. Scratch tests are not carried out.
Nevertheless, a formation of TiC is assumed [20]. NiTi as a
bond has the potential to create superelastic grinding tools
with enhanced wear resistance. Furthermore, the diamonds
may develop a chemical bonding to the matrix material in
the form of titanium carbide. Based on the state of the art,
there is no process for the LPBF manufacturing of NiTi dia-
mond composites for grinding tools. In this paper, process

@ Springer

development in two steps is given. In the first step, the feasi-
bility of NiTi diamond composites manufactured by LBPF is
proven through single tracks, and in the second one, the LPBF
process is adapted for cuboid test specimens. Afterwards, the
usability is proven in scratch tests.

For most metal bonds, the grain is primarily retained by the
positive locking of the grain by the metallic matrix. Several
elements can be used to produce additional grain retention via
chemical bondings: TiC and chromium [21-23] or boron [24]
are often used to improve the interface [25, 26]. Besides the
improvement in adhesion of the diamond grain, a carbide
interface can also improve the conductivity of heat between
the diamond and the metal matrix [27, 28]. However, the
addition of such similar elements can also have a negative
effect on the diamond due to the formation of graphite. It
has been shown that cobalt, iron, and nickel form graphite
during the sintering process, whereas chromium and copper
do not show this behavior [21].

2 Experimental procedure and methodology
2.1 Analytical methods

X-ray diffraction (XRD) was used to characterize the phases
present in the manufactured samples. The measurements were
performed by a two-circle diffractometer system XRD 3003 TT
in a ©/O setup. The obtained diffractograms were analyzed with
the software powder cell [29]. Furthermore, theoretical diffrac-
tion patterns were simulated from crystallographic data.
Scanning electron microscope (SEM) micrographs were ob-
tained via a Zeiss EVO 60 VP and an FEI Quanta 400 FEG,
respectively. For the identification of diamond inside the bond
material, a backscattered electron (BSE) detector was used. The
elemental composition of X-ray diffraction measurements was
done with a Seifert XRD 3003TT diffractometer, and a copper
and a cobalt target were used to collect the data. The theoretical
diffraction patterns used to evaluate the X-ray data, and the eval-
uation itself was done by the software PowderCell 2.3 [29].

2.2 LPBF process

In this paper, two different powder mixtures are tested as a
matrix material for the diamonds (Van Mopes D46 FMD60).
The first mixture is conventionally milled nickel and titanium
as it is normally used for sintered grinding tools. The second
one is a pre-alloyed gas atomized NiTi powder. The compo-
sitions are shown in Table 1.

The LPBF investigations in this paper are carried out using a
laboratory machine for small amounts of powder. The schematic
construction is shown in Fig. 1. A fiber laser (SPI Lasers) with a
maximum laser power Py of 50 W in continuous wave mode and
awavelength of 1070 nm is used for the examinations. The focus
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Table 1 Composition of the

investigated mixtures Powder Matrix material Percentage of diamonds (D46)
#1 Nickel (50.3 wt%) + titanium (49.7 wt%) 25 v%
#2 NiTi pre-alloyed (= 55.5 wt% Ni 44.5 wt% Ti) 28 v%

size is 19 um in the diameter, and the laser beam is guided by a
galvanometric scanner (Fa. Scanlab). Argon is used as a process
gas to create an inert atmosphere, and resulting fumes during the
process are exhausted by a TEKA filter system. The maximum
size of the build platform has a diameter of 49 mm.

To get a first insight of the process behavior of NiTi with
diamonds dispersed in the powder, line scan trials together with
T-structures are carried out. The t-structures are two orthogonal
line scans with a connection. They are used to get a first impres-
sion on more complex geometries. A laser power of Py =25 W
and a scanning speed of v=110 mm/s are used based on previ-
ous work [11] for pure NiTi. The structures are built to a height of
1.5 mm directly on a NiTi sheet as a substrate.

For scratch tests, cubic volume bodies are required. To
evaluate suitable process parameters, a short parameter study
is carried out for the pure NiTi powder #2 without diamonds.
Cubes with an edge length of 2.5 mm are built on block sup-
port structures. The scanning speed is kept constant at
110 mm/s. The parameters’ laser power Py and hatch distance
d are varied as follows:

e P:20Wto 50 Win 5 W steps
e d:20 umto 60 pm in 10 um steps

For each cube, one factor is changed at a time. The specimens
are examined through cross sections. Images are taken with a
light microscope (Fa. Leitz) and the software AxioVision (Fa.
Carl Zeiss). The relative density is determined by a python script
using the computer vision package OpenCV for automated

Fig. 1 Construction of the used
laboratory machine

detection of pores in the light microscope images. The sum of
the pore area is set in relation to the overall area of the cross
section to determine the relative density.

Based on the results described in Sect. 3.1, the test specimens
for scratch tests are built with powder #2 and diamonds. The
dimensions of the cuboid specimens are 4.95 mm x 4.95 mm x
3 mm. All samples are built with block supports on a NiTi sheet as
a substrate. All LPBF investigations used a slice height of 50 pm.

SEM images are made to investigate the shape and distribu-
tion of the diamonds. An EDX mapping is performed to illustrate
the distribution of the elements within the metallic matrix, and
polish grindings are used to evaluate the inner structure of the
samples and the diamond dispersion in the whole specimen.

2.3 Grinding process

To check whether the manufactured segments are sufficiently
resilient and can be used as an abrasive layer on grinding
wheels, scratch tests on tungsten carbides are performed.
These tests were carried out on a flat grinding machine FS
480 KT CNC made by Geibel and Hotz. The printed segments
are bonded to a metal pin with Crystalbond™. These pins are
attached to a scratch disc. Like conventional metal-bonded
multilayered grinding tools, these segments have to undergo
a dressing step, which for metallic-bonded tools is usually
divided into a profiling and a sharpening process. For the
segments used in these investigations, profiling means shap-
ing the profile to being flat, when looking towards the cutting
direction, and generating the radius of the tool path, when

laser scanner

manual powder supply

build platform

build chamber

LZH
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Fig. 2 Experimental setup for
scratch tests

| printed
segment

~cristal
bond

— metal
substrat

Process:
scratch test
Tool:

D46 NiTi

looking along the axis of the machine spindle. The sharpening
process then improves the amount of grain protrusion. To do
s0, the tool is used to machine a piece of vitrified corundum.
This mainly removes bond material around the diamond
grains. For larger grinding tools, these two processes employ
different tools. However, due to the little amount of material
that has to be removed in this case, both processes are done in
one step using vitrified white corundum. Afterwards, a

Fig. 3 Scanning electron
microscope images of
T-structures
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Material: Process parameters:

cemented carbide V¢ =20m/s

KXF Vf =200 mm/min
de =10pm

Har/94915 ©IFW

polished and evenly leveled tungsten carbide specimen
(KXF, 10% Co, 0.7 um, 1610 HV30) is machined for the
scratch tests (Fig. 2).

The sharpened segment surfaces and generated scratch
paths are measured with a laser profilometer from the
company NanoFocus. The analysis of the measured data
is done with the software MountainsMap from the com-
pany Digital Surf.
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Fig. 4 Distribution of elements in
the line can trials of powder #1
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3 Results and discussion
3.1 LPBF process for line scan and T-structures

All line can and T-structure trials are successfully built as they
did not break during the building process. The results are
shown in Fig. 3. The samples built with the spherical powder
#2 show smoother surfaces and a more homogeneous distri-
bution of the diamonds than the samples from powder #I.
Furthermore, bigger cracks are found in the lines built from
powder #1. One explanation could be shown in Fig. 4, which
shows the distribution of the elements in the tracks built from
powder #1. Titanium and nickel are not distributed homoge-
neously. Areas with higher accumulations of titanium could
lead to crack formation due to brittleness. Since powder #2 is
pre-alloyed, the element distribution is more homogeneous
after the LPBF process. As a result, further investigations with
test specimens for scratch tests are carried out with powder #2.

- . ] i i i . ; i Table 2 Processed parameter sets from powder 2 with diamonds

3 40 45 50 55 60 65 70 o 80 . . .

diffraction angle 2© Parameter set PrinW Vin mm/s Fiin Vnm
XRD samples symbols

Target: Co, Cu | LPBF NiTi x TiC O Cpia ) > o o
Il sintered NifTi:70/30 © NiTicub. r TiNiz 2 25 55 045

Ts =1100 °C A NiTi mart. @ Ni 3 30 66 0.45

ts =300s Km/94723 ®IFW 4 25 110 0.23

Fig. 5 XRD patterns of LPBF manufactured and sintered samples
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Fig. 6 Photography of LPBF
manufactured test samples with
dispersed diamonds. Numeration
as in Table 2

The characterization via XRD confirms the presence
of NiTi within the bond. The diffractogram (Fig. 5, top)
shows the reflections of both the cubic NiTi phase and
the martensitic NiTi phase. It further shows only the
{111} reflection of the diamond. This is due to the
small area that is analyzed (approx. 2 x2 mm?). This
causes a limited number of diamond grains to be inside

Fig. 7 SEM image (side view) from parameter set 1
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2.5mm

the X-ray spot. Because these diamonds are monocrys-
talline, the absolute number of differently oriented lat-
tice planes that contribute to the signal is low. This
leads to a very low number of individual reflections,
causing a low probability to hit the comparative small
detector area. This, in turn, explains why the other re-
flections in the measuring range ({220} and {311}) can-
not be observed. Furthermore, the metallic bond pre-
vents deeper penetration of the material, shielding dia-
monds below the surface and further reducing the num-
ber of investigated diamonds. Besides these signals,
there are no indications that other phases of the binary
system Ni/Ti are present (Ni, o/3-Ti, Ti,Ni, TiNi3).

In principle, the Ni-Ti system can form TiC in varying
degrees. Sintering samples of a mixture of Ni and Ti pow-
der and diamond lead to the formation of TiC (Fig. 5,
bottom). Due to the combination of the small measuring
spot and the low sensitivity of the XRD method towards
thin layers, the use of harsher sintering conditions (T >
1000 °C) showed distinct TiC reflections. This shows that
the formation of titanium carbide takes place. The diffrac-
tion pattern of the LPBF sample does not show significant
signals at the characteristic diffraction angles. However,
fracturing tests of other sintered samples indicate generally
good grain retention in this kind of bond. This can be
illustrated in a comparison with a commonly used bronze
bond (Cu/Sn, 80:20).
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Fig. 8 Light microscope images of cross sections of samples built with
the parameter sets 1 (top) and 4 (bottom)

3.2 LPBF process for cube samples
The parameter study for NiTi cubes without diamonds reveals the

highest relative density with 99.09% at the following parameter
combination:

e PL=50W
e v=110 mm/s
e d=50pum

This parameter combination is used as a basis for NiTi cuboids
with diamonds dispersed. It is assumed that diamonds influence
the laser process. For this reason, additional samples with adapted
parameters are built. To investigate the influence of longer laser
irradiation on the diamonds, slower scanning speeds with the same
energy density E; are used. E, is calculated by Eq. 1 In this context,
parameters with 50% of the energy density are built as well
(Table 2). The results of the grinding specimens are shown in
Fig. 6. The specimens built with parameter sets 1-3 made a crack-
ling sound during the process, and the cubes are showing tarnish

sharpened segment

Process: Material: Process parameters:
dressing white corundum Ve =10 m/sec
Tool: Vi =600 mm/min
D46 NiTi 3 =15pm

Har/94910 ©IFW
Fig. 9 SEM of segments after printing and sharpening

and cracks at the edges. Parameter set 4 leads to only slight crack-
ling and no tarnish.

Py
E =— 1
1= (1)

o8
g ©

Fig. 10 3D scan of the sharpened grinding layer
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Fig. 11 SEM picture of scratch paths

To evaluate if the crackling sound during the process is a
sign of destroyed diamonds, SEM images are made from the
parameter set 1. As shown in Fig. 7, no visible damages of the
diamonds on the surface can be found. The microscope im-
ages of polished cross sections in Fig. 8 show fewer diamonds
than expected from the ratio of diamonds to NiTi powder and
the surface in Fig. 7. This could explain the abovementioned
crackling during the LPBF process. The diamonds on the sur-
face are only partially hit by the laser beam and therefore in a
better condition. The diamonds in the specimen volume may
be burned or pushed away from the laser material interaction.
Because of the cracks which lower the mechanic strength of

LTI\

10
pm
0 1\r. pe— vr—i\ e 'm'r-""'\'r'l nvrpicg.
5 H
-10 o
0 0,5 1,0 1,5 mm 2,5

Har/94913 @ IFW
Fig. 12 Laser scan of scratch paths
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the specimens and the less homogeneous structure in the cross
sections in Fig. 8, parameter sets 1-3 are discarded, and pa-
rameter 4 is chosen for the scratch tests.

3.3 Dressing

To transfer the radius of the tool path to the surface of the attached
segments and to generate a sharp state with sufficient grain pro-
trusion, the segments are used to machine white corundum. The
tests were performed with a cutting speed of v, = 10 m/s, a feed
rate of v¢ =600 mm/min, and an in feed of a, = 15 pum (Fig. 9).

After the dressing process, the printed segments were
scanned with a laser profilometer (Fig. 10). The Abbott curve
was then used to determine the grain protrusion achieved. The
average grain protrusion corresponds to the sy, value of the
Abbot curve and is 8.27 um, which is high enough for the
performed scratch tests.

3.4 Scratch tests

The tests were performed with a cutting speed of v, =20 m/s, a
feed rate of v =200 mm/min, and an in feed of a. = 10 pm.
The material removal shows brittle ruptures on the flanks of
the scratch marks, which is typical for the machining of tung-
sten carbides (Fig. 11).

The scratch paths remain unchanged over the entire workpiece
length. This means that the diamonds are held firmly in the bond
and no breakage or indents occur. The laser scan of the scratch
paths shows depths of up to 10 um (Fig. 12). This corresponds to
the grain protrusion and the used cutting depth. Based on these
results, the LPBF process can be classified as suitable for the
production of abrasive tools used to grind tungsten carbides.
The grain retention forces are high enough to prevent the dia-
monds from breaking out. Based on these investigations, further
printed grinding layer geometries can be investigated.

4 Conclusion and outlook

Based on the experimental investigations performed, the fol-
lowing conclusions can be drawn:

» Additive manufactured NiTi diamond composites are suit-
able for the utilization as grinding tools.

* Pre-alloyed NiTi offers a higher potential than a mixture of
nickel and titanium powder, because of the distribution of
the elements.

» The presence of diamonds leads to an increased affinity
for cracks and overheating.

* LPBF process parameters for pure metals are not
completely transferable to metal diamond composites.
The necessary energy density is lower than for the
manufacturing of pure metal components.
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*  Diamonds are held firmly into the bond during scratch
tests on tungsten carbide.
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