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An approach of sintering 3D metal printed lattices and diamond nickel-coated particles is proposed which can be used for the
production of tunnel boring machine (TBM) cutters and mining equipment blades. Nickel-coated diamond particles are mixed with
titanium powder and incorporated into a lightweight Ti6Al4V (3D printed) lattice with the help of spark plasma sintering (SPS)
method. Effect of Ti6Al4V lattices size, dlamond particles size, and nickel coating layer thickness on wear resistance of composites
is discussed. Functionally graded lattice (FGL) structures were produced by selective laser melting (SLM) method, representing an
increasingly growing additive manufacturing engineering area introduced in material engineering. Impact-abrasive tribo-device
(IATD), scanning electron microscopy (SEM), X-ray diffraction (XRD), energy-dispersive spectroscopy (EDS), and optical surface
profiler (OSP) were used to characterize samples. An ab initio design of diamond-metal composite is based on the improvement
of impact and abrasive wear resistance of Ti6Al4V by adding diamond particles and by applying of gradient lattice structure. The
specimen with larger size of the diamond particle and thicker Ni coating has better wear resistance. In addition, ANSYS software
simulations were done to analyze the effect of the presence of 3D printed lattice via nonlinear finite element AUTODYN solver under
impact test. Diamond-based gradient composite material produced by combined SLM-SPS methods can be applied in applications
where resistance against impact-abrasive wear is important.

1. Introduction

Ti6Al4V is the most applicable titanium alloy that has
been extremely used in biomedicine, osteology, aerospace,
marine, and additive manufacturing industries due to low
density and high mechanical properties. Adding =6.75 wt.
% of aluminum and =4.5 wt. % of vanadium to titanium
makes it more applicable than pure titanium for corro-
sive wear resistance applications. Additive manufactured
titanium alloys have motivated in deep in vivo corrosion
research for recovering fractures of knee and hip bones [1].
It was recently demonstrated that 3D printed materials can
provide improved tribological performance (lower coefficient
of friction, stable performance) in sliding conditions [2].
Diamond is the hardest known, expensive, valuable, and ver-
satile material for several industries. Synthetic polycrystalline
diamond (PCD) is cost-effective and advantageous powder
that can be coated by metals like cobalt, nickel, titanium, and

copper and is usually used in grinding, polishing, and boring
applications with sufficient cooling and without impacts.
Diamond-containing metal matrix composites (MMCs) are
made with the help of chemical/physical vapor deposition
(CVD/PVD) techniques and they are considered because of
their high thermal conductivity and mechanical properties
[3]. Selective laser melting/sintering (SLM/SLS) is one of the
new additive manufacturing techniques that is applied for
production of complex metal shapes, lattice structures, and
rapid prototyping. The SLM ability of creation lightweight
metallic cellular structure with different unit cell structure,
strut, and pore sizes is used as a more efficient approach to
antishock/impact energy absorption, lightweight aerospace
structure, electrothermal conductivity, fracture toughness
enhancement, and acoustic insulation application [4, 5].
AISI 316L stainless steel, Ti6Al4V titanium, and AlSilOMg
aluminum are three highly demanded metal lattice structures
due to high strength to weight ratio. Nowadays, Spark
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FIGURE 1: (A) Low, (B) average, (C) high volume fraction lattice structures, and (D) functionally graded lattice (FGL) structure used in the
current research for samples No. 5 and No. 6 exclusively (diameter of lattice structures are 20 mm).

plasma sintering (SPS) is extensively used method based on
pulsed DC electric current, high heating rates, programmable
isostatic pressures, and short heating/cooling times [6]. The
SPS process enables higher heating rate and sintering at lower
temperature to provide consolidation of wide range of mate-
rial including metals, ceramics, and cermets that is its main
important advantage over conventional powder metallurgy
techniques [7]. Phase degradation is almost avoided during
SPS sintering. Pulsed electric current passes through a mold
and conductive particles of material to be sintered. Based on
pressure and temperature, it is possible to use graphite or
tungsten mold and different diameter or thickness to realize
desired production shape that is a suitable option in several
industries. Temperature and pressure can be controlled by
pyrometer/thermocouple and upper/lower punch electrode
pushing force in a vacuum chamber, respectively. To avoid
either graphitization of diamond or metal-coating surface
oxidation, simultaneous increasing of temperature and pres-
sure is required in SPS. Shrinkage of the powder, limited grain
growth, and near-theoretical densification take place during
sintering. Cellular lattice structure should be adjusted to take
into account the shrinkage. The SLM parameters like cell
size, lattice layer thickness, and laser current are important
for the performance of the final material in test and field
conditions. SLM method has been applied in recent study
due to production possibility of metallic matrix in desired
shapes (for example in SPS mold size or drag bits of tunneling
machines) and possibility to fill spaces between the lattice
rods with hard material particles (for example, diamond,
cubic boron nitride, or WC-Co).

The main aims of this research were focused to optimize
the composition of nickel-coated diamond and titanium
powders for materials with and without titanium functionally
graded lattice (FGL) structure to provide sufficient resistance
against impacts and to improve abrasive wear resistance. FGL
is a progressive multilayer lattice structure with different
volume fraction section in longitudinal or circumferential
directions so that the sections stand on each other or are
embedded, respectively. Another novelty of current research
is the combination of SLM and SPS methods to produce a new
generation of multicomponent structures that can be used
similarly to hard metals in various applications where wear
resistance is of high importance. In this study, the influence
of diamond particle and lattice cell sizes along with SPS
parameters (temperature, pressure, and time) on tribological

results is discussed. Samples were evaluated by combined
impact-abrasive tribo-device (IATD), volumetric wear was
measured with the help of optical surface profiler (OSP)
analyzer, and composition of obtained materials was analyzed
by X-ray diffraction (XRD) method.

2. Experimental Materials and Test Methods

Cellular lattice structures were fabricated from argon atom-
ized Ti6Al4V Gd5 powders with size < 45 ym and density
4429 kg/m’ supplied by TLS Technik GmbH., Germany.
Polycrystalline diamond powder with 30 and 56 wt. % of
nickel coating and fractions of 6-12, 20-30, and 40-50 ym
were supplied by Van Moppes & Sons Ltd., Swiss. Nickel
coating usually contains 8-12 % of phosphorous and has
1455°C melting point (according to powder producer [8]).
Realizer SLM50 3D metal printer machine (construction
volume has a diameter of 70 mm and height of 80 mm, the
thickness of layer was 20-50 ym, and argon consumption
was 30 1/h) was used for preparing low, average, and high
volume fraction (VF) Ti6Al4V lattices and FGL structures
shown in Figure 1. Circumferential to longitudinal (C:L) cell
size proportion for cylindrical lattices (Figures 1(A)-1(C))
with a diameter of 20 mm and initial height of 18 mm (final
height of =10-12 mm) were 1:2 due to significant vertical
shrinkage during SPS process. It was decided that final C:L
and VF for lattice shown in Figures 1(A), 1(B), and 1(C)
were 2:4 and 6 %, 1:2 and 15 %, and 0.75:1.5 and 24%,
respectively. FGL structure (Figure 1(D)) is composed of three
equal parts as a novel applicable lattice with 20 mm diameter
and 18 mm initial height of sections with 1:1, 1:2, and 1:3
C:L proportion. The schematic of the desired FGL structure
obtained by combined SLM and SPS is given in Figure 2.
From bottom to top, reduction of Ti6Al4V lattice structure
and enhancement of diamond particles before SPSing has
been shown (Figure 2). Three most important parameters
for printing of Ti6Al4V lattices by SLM method were set
as follows: (1) laser current (LC=3000 mA, 72 W power),
(2) exposure time (ET=600 us), and (3) point distance
(PD=1 pm). In addition, these parameters for solid parts (for
example, 0.1 mm thick spacer between support and lattice)
were as follows: LC=2500 mA, ET=25 s, and PD=25 ym.
The thickness of every layer was 25 ym and argon was
applied as a protective gas during a process inside the printing
chamber.
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FIGURE 2: Schematic of material with FGL structure (during preparation before SPSing).

TaBLE 1: Composition of samples and SPS sintering conditions.

Diamond Extgnt of Ni Sintering Duration of
s L coating on D . .
Sample Composition, wt. % grain size, . pressure, sintering,

particle, wt. % .

um (8] MPa min
1 29D-37Ni-34TA 40-50 56 50 9
2 29D-37Ni-34TA 6-12 56 100 6
3 29D-13Ni-58TA 40-50 30 50 9
4 29D-13Ni-58TA 20-30 30 100 6
5 26D-32Ni-24TA-18L 6-12 56 100 6
6 26D-11Ni-45TA-18L 20-30 30 100 6
7 100TA Not-included Not-included 50 10

- Preheating was performed at 260°C, 10 MPa and 6 Min. Sintering was done at 860°C for samples No. 1-6 and 1000°C for No. 7.
- D=diamond, TA= Ti6Al4V titanium alloy powder, and L is added in case of Ti6Al4V lattice.
- For No. 5 and No. 6, the average composition is stated due to gradient configuration.

In order to assess the influence of diamond particles
size, nickel coating percentage (coating thickness), and lattice
parameters, six samples were produced and are described
in Table 1. The samples were designed so that each pair
of samples can be compared to trace some specific effect.
Sample No. 2 had finer diamond particles size than No.
1; heating/sintering time was shorter and the pressure was
higher for sample No. 2 to reduce the risk of graphite
formation. A similar effect can be studied with the help
of samples No. 3 and No. 4 while these two samples were
having thinner Ni coating on diamond particles that allows

tracing this effect as well. Samples No. 1-4 and No. 7 were
lattice-free, whereas lattice-included No. 5 and No. 6 had
similar composition (diamond grain size and nickel coating
thickness) and sintering conditions as No. 2 and No. 4,
respectively (Table 1). In order to provide similar diamond
particle content in composite materials of No. 5 and No. 6
with Ti6Al4V lattice structure, the titanium powder content
was reduced during SPS (Table 1).

The sintering device that was used for consolidation
of nickel-coated diamond particles with titanium lattice
structures was made by FCT Systeme GmbH. Such a device
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F1GURE 3: SPS conditions.

can enable 1000°C/min heating rate and 100 MPa (32 kN force
for 20 mm diameter mold) pressure for samples. The machine
is installed into glovebox form MBRAUN Systeme GmbH to
perform all powder charging and weighting operations in a
nitrogen atmosphere (to avoid their oxidation). Exemplary
SPS sequence for sample No. 1 is presented in Figure 3. The
main challenge regarding diamond particles incorporation
into composites with a metallic or ceramic matrix with high
melting temperature is discussed in the literature as graphiti-
zation phenomena [9]. In order to prevent graphitization, the
SPS temperature of diamond-containing samples was kept
below 900°C. However, some graphitization is not a major
problem [10]. In order to remove the possible presence of
water or hydrogen, the powders were preheated to 260°C
and hold at 10 MPa pressure as it is shown in Figure 3.
It was experimentally proved that such a step is improving
consolidation and resulting in a lower level of graphitization
and better properties (porosity, strength, and hardness) of
the final composite material. Most important differences of
SPS rather than conventional powder metallurgy techniques
were fast heating, fast cooling, and simultaneous application
of pressure and temperature. The increase in temperature
to 860°C and pressure up to 50 MPa (Figure 3) enabled
achieving high densification level (> 98 %).

The combined impact-abrasive wear tribo-device [11] was
applied to test samples, with impact energy of 5.6 J and
frequency of impacts being 275 Hz provided by impact
generator (industrial hammer drill from Makita). The sample
was experiencing reciprocative movement and was pressed
(by the dead-weight system) against the rotating wheel (made
from WC-Co) with a force of 49 N; linear abrasion velocity
was 1 m/s. Ottawa sand (same as used in ASTM G65 standard
[12]) was serving as abrasive. The particle size was 0.2-0.3 mm
and feeding rate was the same as used during ASTM G65 test.
The abrasive was supplied from a hopper through the pipe
and nozzle into the contact region between wheel and sample.
The duration of the test was 5 minutes corresponding to 300
m of sliding distance. The surface of the samples was cleaned
by low angle incidence alumina particles jet after SPSing for
SEM imaging. The observational study and characterization
of samples were performed with the help of a Hitachi TM-
1000 Scanning electron microscopy (SEM), 3D optical surface
profiler (OSP) Contour GT-K0+ from Bruker, and X-ray
diffraction (XRD) analyzer Bruker AXS D5005 equipped with
Cu-Ka radiation. In addition, elements distribution in wear-
tested region was mapped by energy-dispersive spectroscopy

(EDS) Zeiss EVO MA15 with INCA Energy 350 X-ray micro-
analyser.

3. Results and Discussions

SEM images of nickel-coated diamond particles are shown
in Figure 4. Nickel as a ductile transition metal was used as
a binder metal is produced and tested metal matrix com-
posite. Use of nickel-coated diamond particles was preferable
in comparison with pure polycrystalline diamond due to
resulting higher homogeneity of distribution of diamond in
composite after sintering (Figure 5). Theoretically, Ti6Al4V
FGL solid continuous cellular structure during SPS process
should facilitate uniform heating due to its better electrical
conductivity than the set of powder particles. It was tested
and it can be suggested to keep maximum temperature of
SPS procedure less than 900°C to avoid melting and escape of
nickel from the gaps of the mold [13]. However, the volume
of added nickel powder must be adjusted according to the
requirements of the specific application. In this research, the
content of Ni was varying between 11 and 37 wt. % due to
variation in the thickness of Ni coating around diamond
particles. Higher Ni content provides better sintering and
densification for diamond particles.

In the SEM images (Figure 5) the dark diamond particles
are visible. In Figures 5(a)-5(c) the difference of particles size
is well seen and the homogeneity of distribution is acceptable.
Sample No. 4 shown in Figure 5(d) has a less homogeneous
distribution of diamond particles but the appearance of the
surface of the samples can be influenced by its preparation
(polishing) procedure before imaging. In addition, SEM
micrograph of lattice structure in sample No. 6 is shown in
Figure 6 after SPS and after IATD test. EDS color mapping
(Figure 6(c)) shows distribution of elements. A random
spectrum in tested area was chosen to define elements
distribution. EDS elemental mapping results showed C 59.91
%, T128.28 %, Ni7.32 %, A1 1.87 %, V 1.34 %, P 0.79 %, Sn 0.36
%, and Si 0.13 % (all results in weight percentage).

XRD diffraction pattern (Figure 7) of sample No. 1 shows
that material has diamond remained after the SPS process.
There is also the minor presence of graphite that was either
formed due to graphitization of diamond or appeared due to
sintering in a graphite mold. There is also the minor content
of new phases formed during SPS as result of reacting of
initial components, namely, TiC and Al, O, that are favorable
for increasing of wear resistance of the composite material.
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FIGURE 4: SEM micrographs of nickel-coated diamond particles.

3D OSP was applied for surface scanning of samples and
the profile of the area with a diameter of 17 mm around
the tested area was obtained and analyzed by software to
calculate the missing volume. In a photograph after IATD
test, 3D OSP results of sample No. 1 (top and perspective
views) are given in Figure 8. In order to illustrate the severity
of the damage, it is possible to indicate that the maximum
depth of the wear scar of sample No. 1 (29D-37Ni-34TA, 40-
50 ym diamond grain size) was =300 ym. The red region
shows intact zone while the blue zone was produced by
sand particles passing between the wheel and sample during
the IATD test. The results of wear rate measurements are
shown in Figure 9. The IATD tests were repeated three times
and results averaged. The best performer among the samples
without lattice in impact-abrasive conditions was samples No.
1and No. 2 (29D-37Ni-34TA, 6-12 yum diamond grain size) (if
missing volume of material is considered). The sample No.

6 (26D-11Ni-45TA-18L, 20-30 ym diamond grain size) has
illustrated better resistance than No. 5 (26D-32Ni-24TA-18L,
6-12 ym diamond grain size) among the samples with a lattice
that is also shown in Figure 9. The best material (No. 1) had
the largest size of diamond particles and the thickest Ni layer
covering them. Material No. 3 (29D-13Ni-58TA, 40-50 um
diamond grain size) was also better due to larger diamond
particle size (if compared to No.4 (29D-13Ni-58TA, 20-30 ym
diamond grain size)). The same was valid for materials with
lattice when No. 6 was better than No. 5. It could be concluded
that, in case of materials with lattice, the size of diamond
particles was more favorable than the thickness of Ni layer
since No. 5 had thicker layer than No. 6.

In aggressive impact-abrasive conditions applied during
the current test, the soft material No. 7 composed of pure
titanjum alloy had better resistance than No. 3 and No.
4. However, materials No. 5 and No. 6 with lattice were
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(a) Sample No. 1

Matrix comp‘ésiti.on :

X 500 200 ym

(c) Sample No. 3

X 500 200 ym

(d) Sample No. 4

FIGURE 5: SEM micrograph of samples 1-4 after SPSing and cleaning by alumina particles jet.

having better wear resistance (than No. 7) in such impact-
abrasive conditions and it is expected that in conditions
with lower intensity or less frequent occurrences of impacts
(typical for soft ground TBM applications) these materials
will have significantly better wear resistance due to presence
of diamond particles having extremely high resistance against
abrasion.

The comparison between material No. 2 and No. 5 and
between No. 4 and No. 6 provides the information about the
effect of lattice on wear resistance. It is possible to conclude
that in case of fine (6-12 ym) diamond particles (No. 2 versus
No. 5) the addition of lattice is not favorable while in case of
average (20-30 ym) size of diamond particles the use of lattice
(No. 4 versus No. 6) provides significant improvement of wear
resistance of the composite material. The composite material
with a large size of diamond particles should be investigated
in future since it should provide the best resistance in impact-
abrasive conditions.

An important outcome of this study was to demonstrate
the effect of diamond particle size, the thickness of the Ni
coating, and the effect of metallic lattice structure on wear
resistance. This was proved by XRD and by SEM images
that diamond particles are present after the SPS process
and after wear testing (Figures 5, 6, and 7). Various shapes
of FGL structures can be produced by 3D printing and
suitable SPS molds can be done in required shapes to develop
required composite materials for industrial applications, i.e.,
wear resistant parts for mining or soft ground tunnel boring
machines.

An advantage of FGL structure is that it is having more
metal in bottom of sample for better connection of com-
ponents (for example, insert to drag bit in TBM by bolting
[14]), better absorption of impact due to increased ductility
and gradual change of composition from prevailing very
brittle diamond to prevailing ductile metal. High diamond
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X 60 1 mm

(a) Sample No. 6 (after SPSing and polishing)

X1000 100 pm

(b) Sample No. 6 (after SPSing, polishing and testing)

X 1000

100 pm

(c) EDS color mapping of sample No. 6

FIGURE 6: SEM micrograph of sample No. 6 (a) after SPS and (b) after impact-abrasive test (c) EDS color mapping.

content in top layer provides extreme hardness and higher
wear resistant.

Consequently, combinability of SLM and SPS techniques
has enabled the creation of composites focused on the
diversity of lattice structures, foreseeing all kind of possible
future improvements in design and cost, by adjusting the
fraction of desired phases to provide further improvement in
hardness, fracture toughness, and corrosive behavior.

4, Simulation Study

In order to analyze the performance of the lattice structure,
an impact test has been simulated using SOLIDWORKS
design, ANSYS software, and AUTODYN solver. The first
sample was simulated as made from solid diamond while the
second one was simulated as being made from a metallic
lattice with diamond located between the elements of the
lattice. The wheel of the device was simulated as being made

from WC-Co cemented carbide and the lattice structure was
modeled as a Ti6Al4V nonlinear finite element, respectively
(Figure 10). Samples diameter was set as 20 mm and thickness
as 10 mm. The simulation performed for material without
lattice is shown in Figure 11. The second simulated sample
having a 2x2x2 mm lattice scaffold is illustrated in Figure 12.
During normal operation of the tribo-device (Figure 10(c))
[11] both rotation of the wheel (abrasive action) and impact
between the sample and the wheel are provided but for
current simulation, it was important to demonstrate the
extreme case with impacting only (Figure 10(a)). The position
of impacting was also changed. During the normal operation,
the contact spot is located in the center of the sample while
during the simulation the center of the impact spot was
located exactly at the bottom edge of the sample to provide
the most unfavorable leading resulting in brittle chipping
or fracturing. The wheel was impacting the sample with the
energy of 1000 and 5000 Joules (corresponding to different
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FIGURE 7: An exemplary XRD diffraction pattern of sample No. 1 before wear testing.

velocities of the wheel); the analysis time and other boundary
conditions were equal for both tests (with or without lattice).
The von Mises equivalent stress comparison between samples
without and with lattice structure is shown in Figures 11 and
12 for low and high impact energy. According to the results
of both simulations (Figures 11 and 12), it is possible to say
that in case of low impact energy the maximum Von Mises
stresses are approximately ten times higher in case of pure
diamond material than in case of a composite material with
metallic lattice and diamond reinforcing particles. In case of
high-energy impact, the pure diamond sample experienced
fracturing and resulting extreme displacement of contact sur-
face up to =3700 pum, while the composite material had only
plastic deformation. Nonlinear finite element high-velocity
contact modeling of sample’s edge is a proper approach to
evaluate energy absorption of materials [15]. The ability of
impact energy absorption has grown up significantly with the
addition of lattice structure as shown in Figure 13.

5. Conclusions

The present study is an attempt to introduce a new approach
toward the production of wear resistant materials by the
combination of selective laser melting and spark plasma
sintering. The current work seeks to address the following
results.

(1) The combined approach for the production of com-
posite materials by the 3D printing of lattice (SLM) and
sintering/consolidating (SPS) to incorporate metal-coated
diamond particles has been described. It was concluded that
it could be used for the production of soft ground TBM or
mining parts.

(2) According to the results of wear testing in impact-
abrasive conditions, either the larger size of the diamond
particle or thicker Ni coating of diamond is favorable due to
the reduction of the possibility of graphitization. The size of
the diamond particles was found to have the strongest effect
due to the harder removal of large diamond particles during
the impact-abrasive process.

(3) Work on the creation of functionally graded lattice
(FGL) composites is still in progress. It was found that
diamond particles with larger size and thicker coating are
more favorable for such materials. FGL structure provides
the gradient change of metallic lattice extent from 0 %
to 100 % that improves the resistance of such materials
against impacts, allows predefining location of metallic phase
responsible for ductility, and can enable fixation of such
materials by welding or by bolting that is impossible for
ceramics or other ultrahard materials.

(4) Finite element analysis was applied to illustrate bene-
fits of lattice structure. Lattice-included material showed bet-
ter response (stress, deformation, impact energy absorption,
and the possibility of plastic deformation) than plain hard
material against impact.

Data Availability

The materials, techniques, machines, references, and simu-
lation data used to support the findings of this study are
included within the article.
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FIGURE 11: Stresses resulting from impact simulation of pure diamond sample without lattice: (a) 1000 J and (b) 5000 J impact energy.
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