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Nano-TiC-reinforced 18Ni300 steel manufactured
by Powder Bed Fusion-Laser Beam with improved wear
resistance for mould inserts
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In injection moulding, surfaces can be exposed to harsh working conditions, especially when polymers
reinforced with abrasive glass fibres are used. Low carbon martensitic steels, such as maraging steels,
are an excellent choice for demanding and complex mould inserts produced by Powder Bed Fusion-
Laser Beam (PBF-LB). However, their wear resistance is lower than that of tool steels such as AISI D2 or
H13, whose PBF-LB printability is challenging, due to their carbon content that makes them susceptible
to cracking. In this study, an alternative material with high printability by PBF-LB was developed, by
reinforcing maraging steel 18Ni300 with nano-sized titanium carbide (TiC). TiC-reinforced 18Ni300
nanocomposites showed an improvement in microhardness of up to 23% (730 HV,) after addition

of 7.0 vol% TiC. Tribological tests against a polypropylene with 40 wt% glass fibres showed that the
specific wear rate decreased by about an order of magnitude (to 0.32 x 10 mm>3/N m) compared to the
unreinforced maraging steel.
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Beam process of metals (PBF-LB/M) is capable of producing fully ocalised heating of a very small area and rapid solidification can
. . . . cause high residual stresses and deformation [4].
dense metal parts with equivalent or even higher mechanical
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It is well known that PBF-LB of tool steels (e.g., AISI H13,
H11, or D2), which are very attractive for moulds due to their
excellent wear resistance, is challenging due to various defects
that occur during the PBF-LB process, such as lack-of-fusion,
solidification cracks, and residual stress cracks. These defects can
occur due to inadequate heat input, powders with asymmetric
shape, and local changes in chemical composition that are prone
to occur, as discussed by Wu et al. [5]. In addition, the rapid
cooling of the PBF-LB (10° to 10° K/s) leads to material cracking
due to the induced volume changes [6].

Therefore, most PBF-LB studies focus on steels with little or
no carbon in the chemical composition, such as 18Ni300, 316L,
304L, and 420 stainless steel [7-10]. These steels are suitable for
PBF-LB and are characterised by good weldability, dimensional
stability, and low residual stresses, but are less wear resistant than
the carbon tool steels mentioned above [11-14]. The maraging
steel 18Ni300 with extremely low carbon content (<0.03 wt%) is
one of the most promising materials for the PBF-LB process and
has attracted much attention in mould making due to its combi-
nation of good plasticity, toughness, weldability and corrosion
resistance [15]. Most studies reporting on PBF-LB focused on
the processing of this ultra-low carbon steel because of its ten-
dency to low stresses and good dimensional stability [7, 16]. After
a simplified aging treatment in air at temperatures around 500
°C for 6 h, the tensile strength of 18Ni300 is similar to that of the
reference steels for mould making (e.g. AISI H13). This makes the
18Ni300 steel very attractive for use in additively manufactured
inserts with complicated designs instead of H13, H11 or D2 for
the reasons mentioned above [17]. However, the wear resistance
of 18Ni300 is relatively poor compared to these carbon tool steels.

The lower wear resistance of 18Ni300 can prove critical
and lead to mould failure due to surface degradation, espe-
cially when abrasive media is injected, such as polymers rein-
forced with abrasive glass fibres [18]. The degradation of the
mould surface affects the quality of the manufactured parts,
increasing the likelihood of defective parts, which in turn
leads to higher costs [19].

To improve the mechanical properties and wear behaviour
of metallic materials, nanoparticle (NP) reinforcement has been
reported recently, leading to metal matrix nanocomposites
(MMNCs). These materials have received remarkable attention
due to their unusual combination of mechanical and isotropic
properties for demanding applications [20]. In MMNCs, a
nanometer-sized (less than 100 nm) reinforcing phase is dis-
persed in a metallic matrix, which offers significant advantages
in mechanical performance, wear, and damping properties
compared to microscale reinforced composites (MMCs) [20].

In this paper, we propose to improve the wear resistance of
18Ni300 steel by fabricating 18Ni300 matrix nanocomposites
using PBF-LB and understand their mechanical performance

and wear mechanisms.

©The Author(s), 2023

In PBF-LB, the high energy released by the laser beam in a
short time leads to rapid solidification, which refines the micro-
structure and prevents segregation by effectively dispersing the
reinforcing phase in the matrix [20-23]. Previous studies report
the use of micro- and nanoscale reinforcements for metallic
matrices, namely carbides (e.g., WC, TiC, SiC, B,C), nitrides
(e.g., Si;N4, AIN, TiN), borides (e.g., TiB,), or elemental materi-
als (e.g., C, Si) [20, 24]. Chen et al. [25] reported that refractive
TiC, WC, TiN and TiB, nanoparticles are suitable as reinforce-
ment for steels due to their high stability and hardness as well
as good wettability and similar coefficient of thermal expansion
(CTE) compared to low carbon steels.

The homogeneous distribution of nanoparticles in the
matrix is responsible for the improvement of mechanical prop-
erties, hardness and wear resistance [20]. Despite the growing
interest in the development of nanocomposites, many studies in
the literature report the use of microreinforcements instead of
nanosized reinforcements due to the difficulty in finding suit-
able suppliers of nanoparticles in the market at industrial scale,
which greatly affects the improvement of properties. For this
reason, studies using micro-sized reinforcing phases are also
considered in this this review.

NP content affects the final performance of MMNCs. In gen-
eral, higher content leads to higher microhardness, as reported by
several authors for 316L steel reinforced with WC, TiC and TiB,
in concentrations not exceeding 15 wt% (corresponding to 8,
22 and 24 vol%, respectively) [26, 27]. However, high reinforce-
ment concentrations can lead to a deterioration of the mechani-
cal properties if the nanoparticles tend to agglomerate due to
the van der Walls interaction at the nanoscale because of their
large surface area compared to their volume [28]. Moreover, the
behaviour in terms of flowability, absorption, and reactivity of
powders prepared specifically for PBF-LB changes dramatically
when high concentrations of NPs are added [29, 30].

TiC can be a promising reinforcement for steels, due to its
mechanical properties and high wear resistance [20]. In addition,
TiC has a lower density than steel (4.9 g/cm?), so its addition to
steel reduces weight. Bhowmik et al. [31] fabricated a 316L stain-
less steel reinforced by PBF-LB with micro-sized TiC and found
that there are two arrangements of TiC carbides in the micro-
structure: TiC carbides distributed in the grain interior and those
distributed at the grain boundaries. This arrangement of carbides
in the structure of the material contributes to its strengthening
by grain refinement and impeding the movement of dislocations,
but it can also be the origin of defects, such as lack of fusion,
which negatively affects the elongation to fracture of the material,
as reported by Oliveira et al. [32] and Kahlert et al. [33].

AlMangour et al. [34] fabricated a H13 steel reinforced with
15 vol% TiC NPs with an average size of 50 nm by PBF-LB. They
reported ~ 7% higher hardness and ~ 10% higher elastic modu-
lus, as well as ~ 17% lower friction against a 2100 bearing steel
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ball and ~26% lower wear rate, attributing these improvements
to the combined effects of grain refinement and grain boundary
strengthening. Li et al. [15] also reported that TiC microparti-
cles improved the wear performance of 316L steel and refined
the microstructure by reducing the cell size. The authors also
investigated the strengthening mechanisms and reported that
there were many dislocations near the TiC particles, which con-
tributed to the improvement of mechanical properties, hardness,
and wear resistance.

Gu et al. [29] simulated the thermal evolution behaviour
during PBF-LB of an Al-matrix nanocomposite reinforced
with TiC. They reported that the addition of TiC nanoparti-
cles can significantly change the melting behaviour due to the
high absorptivity of TiC (~82%) using an infrared laser with a
wavelength of 1064 nm (for comparison, steel powder generally
has an absorptivity between 30 and 40%). The authors reported
that a reinforcement content of about 2.5 wt% is associated
with lower heat absorption of the steel powder and therefore
less intense Marangoni flow, while doubling the reinforcement
content to 5 wt%, results in more intense Marangoni flow, which
induces a circular flow due to the convection forced in the melt
pool. A ring-like structure with uniformly distributed TiC par-
ticles was formed in the final MMNC material. Similar results
were reported by AlMangour et al. [27] for a 316L stainless
steel reinforced with micro- and nano- sized TiC (1 pm and
50 nm, respectively). Hao et al. [35] also reported this phenom-
enon for 316L stainless steel reinforced with hydroxyapatite
microparticles.

Hu et al. [36] manufactured TiC-reinforced 18Ni300 com-
posites by direct energy deposition (DED) and investigated the
effects of TiC addition on the microstructure, microhardness
and wear resistance of the composite material. The TiC parti-
cles, with an average size of 7 pm, were found to increase the
microhardness of the composite material by 18% when added
in concentrations up to 5%. In addition, the authors found that
the wear resistance of the composite material against a Si;N,
ball increased 13 and 41 times before and after heat treatment,
respectively.

To these authors knowledge, there are no publications on
the wear behaviour of PBF-LB-manufactured TiC-reinforced
18Ni300 nanocomposites under conditions that nearly or fully
simulate the wear that occurs in the moulds surface during the
injection and subsequent removal steps.

In this sense, the present study, addresses the mechanical
and wear behaviour TiC-reinforced 18Ni300 nanocomposites
obtained by PBF-LB. After manufacturing and microstructure
characterization, dry sliding wear tests were carried out against
a commercial 40 wt% E-glass fibre reinforced polypropylene,
a material commonly injection moulded to produce parts for
the automotive industry. This was done aiming to evaluate the

behaviour of the nanocomposites in contact with a material
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normally processed by injection moulding, admitting that this
is a proxy and not a full replication of the wear that occurs in the
moulds during injection moulding and part removal. The worn
volume was evaluated using 3D optical profilometry to accu-
rately quantify the low wear volumes. In addition, the morphol-
ogy of the worn surfaces was evaluated using scanning electron

microscopy (SEM) to discuss the wear mechanisms.

Selected materials and practical procedures

Feedstock preparation for PBF-LB process

The starting materials for the preparation of the nanocomposites
were an 18Ni300 maraging steel, gas-atomized, nearly spherical
powder (Renishaw Ltd., UK), with Dy, =35 pm and Dy, =48 pum,
and TiC (Nanografi, Germany) nanometric black powder with a
purity >99.5%. According to the technical data sheet, the aver-
age particle size is between 35 and 55 nm, the melting point is
3200 °C and the morphology of the powder is spherical.

The starting powders were weighed at ratios of 2.0, 4.5, and
7.0 vol% TiC to obtain 1.2 kg of starting material for PBE-LB.
Then, the powders were subjected to high-energy ball milling in
a metal vessel with a ball-to-powder ratio of 2:1 in a Pulverisette
6 (Fritsch, Germany) for 4 h at a speed of 200 rpm, in air. The
duration of high-energy ball milling was limited to 4 h to obtain
a reasonable approximation of the original spherical structure
of the 18Ni300 powder and to obtain good flowability of the
powder after milling [37].

PBF-LB processing and sample preparation

An AM 500Q PBF-LB series 3D printer (Renishaw Ltd., UK)
equipped with a reduced build volume (RBV) with a maximum
build volume of 78 x 78 x 55 mm? was used to transform the pre-
pared powders into dense nanocomposite parts. This machine
has four ytterbium fibre lasers with 500 W and a laser spot of
80 um. During the building process, argon shielding gas was
injected into the building chamber in a closed loop and recir-
culated to avoid the formation of by-products. Based on our
previous experience and the literature, a stripe strategy was cho-
sen because it leads to better quality and lower residual stresses
while allowing a high build rate (up to 150 cm*/h depending on
the chosen conditions and material) [38]. Each new layer was
rotated 67° clockwise to minimise preferential hotspots (thermal
gradients) and avoid distortion and residual stresses.

An initial assessment of processing parameters for the dif-
ferent nanocomposites was carries out by manufacturing six
cuboid samples with different combinations of PBF-LB param-
eters with the aim of obtaining fully dense and microhardness
improved specimens. In our previous studies [[39, 40]], a pre-
liminary parameter optimization was performed for the produc-

tion of dense and microhardness improved 18Ni300 steel by
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PBF-LB. Based on the results of this study in terms of promising
processing windows for this alloy, a simplified parameter evalu-
ation was made for the new composite powders and 6 cuboid
samples were fabricated.

The six combinations were obtained by varying the laser
power from 100 to 500 W within the optimal parameter set
used in our previous work [39], corresponding to energy densi-
ties between 26 and 133 J/mm?®. For the powder prepared with
an addition of 4.5 vol% TiC, the maximum density (>99.9%)
and microhardness (468 HV,) were obtained at a laser power
of 250 W, a scanning speed of 1000 mm/s, a hatch distance of
75 um and a layer thickness of 50 um. These parameters were
used to fabricate the nanocomposites. PBF-LB processing was
performed under vacuum and oxygen content below 31 ppm.

The parts made from the different powders are desig-
nated by: MS (18Ni300); MS +2.0TiC (18Ni300 +2.0%vol
TiC); MS +4.5TiC (18Ni300 +4.5%vol TiC); and MS +7.0TiC
(18Ni300 +7.0%vol TiC)

Different specimens were made: for mechanical and wear
tests, and for microhardness and density measurements. Hori-
zontal cylinders were printed for the tensile specimens, which
were then machined according to the final shape specified in
ASTM E8. The pins for the tribological dry sliding tests were
made in the form of cylinders with double spherical tips, which
were then machined to a final length of 20 mm and a tip diam-
eter of 8 mm. The specimens for the microhardness and density
measurements were printed as discs with a diameter of 18 mm
and a height of 10 mm. The specimens were separated from
the metal substrate plate by electroerosion and subjected to
heat treatment at 510 °C for six hours (the same aging heat
treatment as for maraging steel 18Ni300), using the procedure
of Yin et al. [41]. The counterparts for performing the tribo-
logical tests were discs produced by injection moulding in a
500-tonne Victory type injection moulding machine (ENGEL
GmbH, Austria) from starting pellets of a semi-crystalline
thermoplastic polypropylene with 40 wt% short glass fibre

(Borealis, Austria).

Material’s characterization and testing

Structural and microstructural analysis

Structural analysis was performed on sections of the printed
discs using an optical microscope (OM) (Nikon, Japan) to
evaluate the dimensions of the melt pools and identify the laser
marks. In addition, SEM analysis (SU-70, Hitach, Japan) was
performed to observe the microstructural details. Before taking
micrographs, the cross sections (XY—horizontal direction and
Z—building direction) were polished with sandpaper and dia-

mond paste of 1 um. These polished surfaces were then etched

©The Author(s), 2023

with a 2 vol% Nital solution (HNO; and ethanol) for 5 s to visu-

alise the microstructure.

Mechanical testing

Vickers microhardness indentations and tensile tests were per-
formed on the nanocomposites under two different conditions:
as-built (before aging treatment) and after aging treatment.
Vickers indentations were performed with a pyramid tip on
the polished surface of the specimens according to ASTM E92-
17. This pyramid tip was constantly pressed with a force of 2 kgf
for 15 s. To ensure consistency of results, six indentations were
made using a Duramin model durometer (Struers, Denmark).
The mechanical tests included tensile tests and Charpy impact
tests. The former were performed three times in succession in a
testing machine, model AG -25TA (Shimadzu, Japan), without
strain gauge and with a constant displacement rate of the cross-
head (0.5 mm/min). The curves obtained were used to graphi-
cally determine the yield stress (YS) at 0.2% elongation and the
ultimate tensile strength (UTS). Charpy tests were performed to
determine the energy required until failure of the nanocomposite
materials occurs. A standard vertical pendulum machine (Avery,
UK) was used, following the procedures of ASTM E 23-96 with

the procedure repeated three times to obtain an average value.

Tribological testing

The wear behaviour of the nanocomposites was investigated
by pin-on-disc tests at room temperature (RT). The tribom-
eter used for the tests was a model TE92 (Plint Instruments,
UK). The sliding velocity was 0.4 m/s and the pins were pressed
with a normal load of 40 N against a polypropylene reinforced
with 40 wt% glass fibres (PP40). These conditions, used in our
previous studies, are intended to provide measurable and rep-
resentative wear conditions [40, 42, 43]. The total duration of
each test was approximately 30 min (sliding distance approxi-
mately 800 m). Prior to each test, both the pin and the disc were
carefully cleaned with ethanol, and temperature and humidity
conditions were checked to ensure a controlled environment for
each test. For each sample, three tests were performed at room
temperature. During the tests, the coefficient of friction (COF)
was continuously monitored with a load cell. After the tests, the
specific wear rate (k) was determined by measuring the actual
worn volume by taking three-dimensional profiles of the pins
before and after the test using an optical 3D profilometer model

S-neox (Sensofar, Spain). Equation (1) was used to calculate k.

Vv
T FxL

(1)

where V (mm?®) is the measured worn volume calculated by

superimposing the 3D surface profiles of the pins, F (N) is the
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applied force, and L (m) is the total sliding distance after com-
pletion of the dry sliding wear test.

The worn surface of the pins was analysed using SEM and
EDS.

After the test, the PP40 wear marks were also analysed using
SEM/ EDS to evaluate their morphology as well as their chemi-
cal composition. In addition, the wear debris (which remained
on the surface of the pin after the test) were also analysed with
SEM/ EDS.

Feedstock material analysis

Figure 1 (a-c) shows the morphology of the TiC nanopow-
der in its initial state. Overall, some agglomeration can be
seen, and the shape of the nanoparticles is approximately
spherical. According to the measurements performed with
Image J, the average particle size is 57 nm. The size of the
particles ranges from 22 to 141 nm [see size distribution of
NPs in Fig. 1(c)].

Figure 1(d-k) shows the morphology of the original
steel powder and the starting material for the production of
MMNCs after milling with different TiC contents. Overall,
the shape of the powder remained approximately spheri-
cal. It can also be seen that the surface of the 18Ni300 steel

powder is completely covered by TiC when 7.0 vol% was added
[Fig. 1(j-k)]. The flowability of the powders was tested by the
Hall funnel method following ASTM B213-20 before PBF-LB
processing. The three prepared powders flowed freely through
the 2.5 mm opening of the hopper under the influence of grav-
ity. The flow time (for 50 grammes) of the starting materials for
PBF-LB is summarized in the high magnification images (e, g,
i, k). As the concentration of TiC nanoparticles increases, the
flow time also increases, indicating a decrease in flowability.
The addition of 4.5 vol% and 7.0 vol% resulted in flow times
that were relatively higher than those reported for typical pow-
dered materials used in PBF-LB (15 to 30 s) [44]. Neverthe-
less, the three powders produced were considered for PBE-LB
processing.

The XRD diftraction peaks of the starting material powders
are shown in Fig. 2(a). The XRD patterns of the reinforcing
phase show strong peaks at 41.7°, 60.4°, 76.2°, and 72.3°, cor-
responding to the TiC phase. The XRD patterns of the 18Ni300
powder show that it is mainly composed of the martensitic
phase. This may be due to the high cooling rate during the gas
atomization process for powder production [7]. The XRD spec-
tra of the ground powders with the addition of 2.0, 4.5, and 7.0
vol% TiC are similar to those of the maraging steel and also
show the presence of martensite, but five new peaks at 20 of
35.9°,41.7°, 60.4°, 76.2°, and 72.3° have appeared corresponding

| TiC (reinforcement) |

N: 46 Min: 22.814
Mean: 57.378 Max: 141.908
StdDev: 30.385 Mode: 34.723 (9)
Bins: 20 Bin Width: 5.955

0+2.0vol%TiC

18Ni30

7
AW (9)  Flow time: 43:4:0.1%,,
. - » . -

<

&Jfl

Figure 1: (a-b) SEM of TiC nanopowder at different magnifications; (c) particle size distribution of the nanopowder; (d-k) Morphology of starting
feedstock powders after 4-h high-energy ball milling for PBF-LB processing TiC-reinforced 18Ni300 nanocomposites.
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Figure2: XRD patterns: (a) feedstock powders for PBF-LB; (b) nanocomposite parts after aging treatment.

| MS+2.0TiC | |

Dimensions of the melt pools

i = Width (um) = Depth (um)
MS (Reference) ~MS+2.0TIC ~ MS+4.5TiIC  MS+7.0TiC

Figure3: (a—f) Horizontal (XY) and vertical (Z) micrographs of TiC-reinforced 18Ni300 nanocomposites manufactured by PBF-LB after aging treatment;
(g) dimensions of the melt pool for the different nanocomposites (measured in the aged and etched condition).

to the TiC. It can also be seen that these peaks have higher inten-
sity at larger concentrations of TiC.

Phases and microstructure of nanocomposites

The XRD patterns recorded for the nanocomposites after aging
are shown in Fig. 2(b). In all cases, strong diffraction peaks at
20 of 44.5°, 64.3°, 81.8°, and 98.5° can be seen, corresponding to

©The Author(s), 2023

the martensite phase (o’-martensite). In addition, the XRD spec-
tra of the 18Ni300+2.0 vol% TiC, 18Ni300 +4.5 vol% TiC and
18Ni300 +7.0 vol% TiC also show small peaks corresponding to
the TiC phase, ensuring the presence of the reinforcement phase.

Figure 3(a-f) shows the microscopic images of the nano-
composites after aging treatment. In the horizontal sections
XY [Fig. 3(a), (c) and (e)], the laser tracks can be seen with a
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Figure4: SEM micrographs of

the PBF-LB processed 18Ni300/ MS+2.0TiC

MS+7.0TiC

TiC nanocomposites in the aged
condition: (a-b) MS + 2.0TiC; (c-d) (a)
MS +4.5TiC; (e-f) MS+7.0TiC.
(Images (b), (d) and (f) are high
magnifications taken in the TiC rich
zones).

10 um

rotation angle of 67°, which is due to the scanning strategy used.
In the vertical sections Z [Fig. 3(b), (d) and (f)], melt pools, sep-
arated by melt pool boundaries (MPB) can be seen. The dimen-
sions of the melt pools were determined using Image ] software
in the buildup direction (Z) and perpendicular to the buildup
direction (XY) and are shown in the graph in Fig. 3(g). It can
also be seen that the connections between the laser markings
are effective. In all cases, a surface with few pores is observed,
which shows that the PBF-LB manufacturing parameters used
(laser power 250 W, scanning speed 1000 mm/s, hatch distance
75 um and layer thickness 50 um), are in the ideal range for
processing these materials.

From Fig. 3(g), it can be seen that the measured width and
depth of the melt pool show no statistical difference when dif-
ferent contents of TiC nanoparticles are added. Figure 4 shows
the SEM micrographs of the etched cross sections of the nano-
composites manufactured by PBF-LB in the aged state. In
MS +2.0TiC after aging treatment [Fig. 4(a) and (b)], the usual
cellular and dendritic microstructure is visible (formed by Ni seg-
regation, but gradually dissolved by heat treatment). In addition,
due to their small size, inclusions of TiC with agglomeration are
also visible in certain areas. This was confirmed by EDS analy-
sis (not shown) performed on three different locations of these
areas. At MS +2.0TiC, fine cells form in the core of the molten
pool and begin to coarsen as they move away from the centerline
until they reach the heat-affected zone (HAZ) at the boundary
of MPB [27]. The dendrite grains grow in the direction of the
increasing temperature gradient (along the centre of the melt
pool), which is hindered by the high solidification rate [27, 37,
41, 45]. The addition of a higher amount of TiC (4.5 or 7.0 vol%)
resulted in a finer microstructure [Fig. 4(c) to (f)]. This indicates
that the addition of TiC NPs can retard grain growth. Similar
results can be found in the work of Zhai et al. [46] and AlMan-
gour et al. [27]. Both authors studied 316L stainless steel rein-
forced with micro- and nano-sized TiC. Zhai et al. [46] reported

©The Author(s), 2023

OTiC rich zone -

that the cellular microstructural boundary consists of disloca-
tion associated networks with segregation of alloying elements.
They also reported that dissolution of micro-sized TiC into the
matrix did not occur due to PBF-LB rapid cooling. AIMangour
etal. [27] found that TiC induced nucleation sites due to its good
wettability for nucleation of the steel. Liu et al. [47] studied the
strengthening mechanism in micro-sized TiC-reinforced AISI
420 stainless steel and reported that the TiC microparticles uni-
formly connect the grain boundaries and form refined ring-like
structures under the influence of local surface tension. In our
case, no ring-like structures were observed, probably due to the
lack of energy input during the PBF-LB process. AlMangour et al.
[48] fabricated 316L/TiC nanocomposites by PBF-LB and found
that ring-like structures appeared only at higher energy densities
(more than 125 J/mm? in their case), but the grain size increased
significantly with these energy density values, and the risk of

keyhole porosity is higher due to excessive energy density.

Mechanical characterization

TiC-reinforced 18Ni300 nanocomposites were characterized
by microhardness, tensile and impact tests and the results are
shown in Fig. 5(a) and (b). YS and UTS of the PBF-LB-manufac-
tured 18Ni300 steel (MS (reference)) are also shown in Fig. 5 to
compare with the nanocomposites. It can be seen that the YS and
UTS values of the 18Ni300 in the as-built state (before aging)
are 1063 MPa and 1178 MPa, respectively. After aging treatment,
YS and UTS increased to 1942 MPa and 1984 MPa, respectively.

For the nanocomposites, increasing the TiC concentration
before aging leads to an increase in both YS and UTS, with the
maximum values (1566 MPa for both) reached after the addi-
tion of 7.0 vol% of TiC. After the aging treatment [Fig. 5(a)], YS
and UTS are higher than the values of the as-built materials and
reach their maximum value at a TiC concentration of 4.5 vol%
(YS and UTS of 2070 MPa). This fact is due to the typical mecha-

nism of precipitation hardening that occurs in maraging steels
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Figure 5: Mechanical properties of the nanocomposites manufactured by PBF-LB: (a) YS and UTS, (b) microhardness and impact strength. (Note: For
comparison, the properties of the unreinforced 18Ni300 material are also shown (labelled “MS (reference)" in the graphs).

[49]. When nano-TiC is used, it is noteworthy that the mate-
rial decreases its ability to deform plastically without fractur-
ing, since YS and UTS are quite comparable and even coincide
when more than 4.5 vol% TiC is added. The strengthening can
be explained by the effect of the Orowan mechanism. Accord-
ing to this mechanism [50], the Orowan strengthening effect
(AGorowan) 18 larger when the particle size of the reinforcement
is smaller. In this work, since the average particle size of TiC is
in the nanoscale, this effect cannot be ignored [50].

Moreover, large amounts of dislocations accumulate near
the TiC particles and the 18Ni300 matrix during solidification,
which is due to the mismatch of CTE between the TiC nanopar-
ticles (7.74x 107%/K) and the 18Ni300 matrix (13.0 x 10"%/K) [50,
51]. Here, the differences in CTE between the TiC reinforcement
phase and the 18Ni300 matrix (Ao.pp) resulted in increased dis-
location density [52].

The microhardness values of the PBF-LB-manufactured
18Ni300 steel (MS (reference)) are also plotted in the graph to
compare with the nanocomposites. It can be seen that the micro-
hardness of the 18Ni300 in the as-built state (before aging) was
362 HV,. After aging treatment, the microhardness increased
to 595 HV,,.

For the nanocomposites, increasing the TiC concentration
tended to increase the microhardness, which reached its maxi-
mum value (476 HV,) for the material reinforced with 7.0 vol%
TiC, as in the as-built condition. After aging, a similar conclu-
sion can be drawn, since increasing the TiC concentration led
to an increase in microhardness (although less pronounced than
before aging due to the dual effect of TiC reinforcement and the
hardening mechanism in the maraging steel). The maximum
value after aging treatment was observed after the addition of
7.0 vol% TiC (730 HV,). As for the as-built impact strength
[Fig. 5(b)], it can be seen throughout that the increase in TiC

concentration contributes to a decrease in the energy required

©The Author(s), 2023

to cause the material to fracture, with the maximum value
(1237 kJ/m?) for the unreinforced material and the minimum
value (280 kJ/m?) observed after the addition of 7.0 vol% TiC.
After aging, the material became even more brittle, which can
be attributed to the overlapping strengthening effects due to
the addition of TiC and the precipitation of intermetallics in
the maraging steel. The lowest value (42 kJ/m?) was observed
after the addition of 7.0% TiC. In future studies, the low impact
strength could be overcome by heat treatments at lower tem-
peratures or shorter durations to obtain a material with more

balanced mechanical properties.

Tribological testing

Pin-on-disc tests were performed to investigate the wear
behaviour of the PBF-LB-processed TiC-reinforced 18Ni300
nanocomposites under dry sliding conditions. Figure 6 shows
the COF curves recorded during tribological testing of the
nanocomposite pins in contact with a PP40 counterpart. In all
cases, a running-in period is evident during the first 400 m of
sliding distance, until a stable value of about: 0.35 at MS (ref-
erence), 0.33 at MS +2.0TiC, 0.42 at MS +4.5TiC and 0.43 at
MS+7.0TiC.

Similar trends were reported by Zhao et al. [53] in a study
investigating the tribological behaviour of 316L stainless steel
reinforced by micro-sized TiC. The authors found that, as the
TiC content in the 316L/TiC material increased, the COF values
also increased. They attributed this increasing trend to the phe-
nomenon of debris accumulation in the deeper grooves formed
in the surface of the material during dry sliding contact. The
SEM analysis of the worn surfaces of the pins in Fig. 7 shows
that the grooves in the pins are more pronounced in the mate-
rial reinforced with a high TiC content (above 4.5 vol%) and
are caused by material deformation rather than severe abrasion,

which occurs in the material reinforced with less than 4.5 vol%.
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Figure 6: Representative COF curves recorded during tribological tests under dry sliding between nanocomposite pins and PP40.

Wear debris can accumulate in these grooves, contributing to an
increase in COF values.

As Fig. 7 shows, as the TiC reinforcement content increased,
less material was removed from the pins, as seen in the 3D pro-
files, which is reflected in a smaller k. As mentioned in our
previous study [40], MS exhibits abrasive scratches after sliding
against glass fibre reinforced polypropylene, suggesting abrasive
wear. In the case of the material reinforced with 2.0 vol% TiC,
abrasion due to cyclic loading and hard irregularities of the glass
seems to be the cause of the material loss. The large width of the
wear grooves visible in the material reinforced with more than
4.5 vol% TiC may indicate abrasion, but it may also indicate
fatigue wear, which causes severe deformation but little mate-
rial removal. As discussed in [54], material removal by fatigue is
more difficult than by abrasion because multiple deformations
and displacements are required to remove material.

By superimposing the two 3D profiles of the pins (before
and after testing), the volume of lost material was determined for
each case. Figure 8 shows the average volume of worn material
and the calculated k. The worn volume is higher for the unre-
inforced material, MS (6.59 x 10”2 mm?) than for MS +2.0TiC,
MS +4.5TiC, and MS+7.0TiC (2.41 x 1072, 2.12x 1072, and

©The Author(s), 2023

1.04x 107 mm?, respectively). As for the specific wear rate, a
decrease of 59.2% for MS +2.0TiC, 63.0% for MS +4.5TiC, and
82.6% for MS+7.0TiC is observed compared to the unreinforced
steel, indicating better wear performance due to the nanoscale
TiC reinforcement phase. These results show a good correlation
with the evolution of microhardness in the aged condition. It can
be seen that the nanocomposites with the higher microhard-
ness have a lower specific wear rate, as classically predicted by
Archard’s law [55].

Figure 9 shows the k of the PP40 material after sliding on the
different nanocomposites and the corresponding three-dimen-
sional profiles obtained by 3D profilometry.

The track resulting from the sliding of MS +2.0TiC is the
deepest (40 pm on average). In other cases, the tracks are less
deep but wider, and the width is largest when the dry sliding
tests were performed against MS + 7.0TiC. This could be due
to thermal phenomena caused by the friction generated. As
discussed in our previous work [40], greater friction leads to
greater fictional heat, which in turn softens the polymer so that
the material removal is smoother and the track tends to be wider
(this is particularly observed in the cases where MS +4.5TiC and
MS +7.0TiC pins were used). In the case where less fictional heat
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was generated on the surface of the PP40, the track is deeper
than MS and has a similar width as when using MS (1270 um),
which can be attributed to the more brittle state of the PP40.
As seen in Fig. 8, the material reinforced with 7.0vol% TiC
showed the lowest specific wear rate after sliding against the
PP40 disc. In addition, the higher COF value (0.43) caused
a larger wear volume on the PP40 disc. In practise, this sug-
gests that using MS +7.0TiC material in a mould would result
in longer life, but also that higher injection pressures must

be used to overcome the higher friction between the viscous

polymer-reinforced material and the mould wall. Since the
material is injected in a viscous state and then solidifies in con-
tact with the mould wall, the risk of defects in the parts during
injection contact is avoided.

The analysis of the wear mechanisms in dry sliding is impor-
tant because when the parts are demoulded, there is contact
between the mould surface and the solid part, which can cause
damage to the injected parts.

The SEM analysis of the PP40 wear track, suggests that the
mechanisms contributing to PP40 wear depend on the compo-
sition of the contact material (pin). In our previous work [40],
it was discussed that the analysis of the wear track morphol-
ogy, i.e., the presence of plastic deformation or the presence
of microcracks, is related to the frictional heat generated dur-
ing the sliding contact. If if the fictional heat is high enough
to soften the polypropylene, this will cause local melting in
the track, while lower fictional heat will cause a more brittle
polymer, which will promote the appearance of microcracks
in the wear track. Based on the COF values recorded for the
different tribological pairs (Fig. 6), the same trend can be con-
firmed. A smaller COF value (~ 0.33) in the MS +2.0TiC-PP40
[Fig. 10(b)] resulted in a track with microcracks. On the other
hand, the track in PP40 derived from the tribological pairs with
higher COF values (MS +4.5TiC and MS +7.0TiC, with COF
values of ~0.42 and 0.43, respectively), as shown in Fig. 10(c)
and (d), showed no signs of microcracking, but some plastic
deformation that could have been caused by the softening of the
polymer. In the analysis of EDS (not shown), the presence of
Fe in the track was observed only at MS and MS +2.0TiC. The
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presence of TiC was not detected in any of the cases, probably
due to its low volume.

The different wear mechanisms that occur on the track lead
to differences in the morphology of the wear debris. SEM analy-
sis of the wear debris is shown in Fig. 10(e-h). As described in
our study [40], the wear debris generated during sliding of MS
against PP40 consist mainly of roll-shaped debris [Fig. 10(e)]
with a proportion of larger and irregular particles. This is due
to the frictional heat released during sliding contact, which con-
tributes to the softening of the polymer, so that the wear debris
particles take on a roll-like shape due to the softened polymer
roll between the pin and the disc. EDS analysis showed the pres-
ence of Fe. Similarly, it can be observed that the wear debris
formed when the pin of MS +2.0TiC slides against the PP40
[Fig. 10(f)] consist of both irregular and roll-like fragments,
with Fe present (as a wear track). The wear debris consist of glass
fibres and Fe soaked in polypropylene, which were extracted
due to the more brittle state of the polymer, as the lower COF
[Fig. 6(b)] generates less frictional heat. When testing the pins
MS +4.5TiC and MS +7.0TiC against PP40, only roll-like debris
were observed (Fig. 10(g) and (h), respectively). In these cases,
elemental Fe was not observed in the debris in the analysis of
EDS (not shown), indicating that no material was transferred of
material from the pin to the PP40 (or only very small amounts).
Unlike the previous cases (MS and MS +2.0TiC), the tracks on
the PP40 are wider, probably due to the higher fictional heat
(due to the higher COF), which favours polymer softening and

plastic deformation.

©The Author(s), 2023

TiC-reinforced 18Ni300 formulations were developed, and the
nanocomposites were successfully fabricated by PBF-LB. The

main conclusions can be summarised as follows:

® TiC-reinforced 18Ni300 steel exhibits significantly higher YS
and UTS than unreinforced 18Ni300 steel, due to its refined
microstructure and TiC-induced strengthening effect.

® TiC-reinforced 18Ni300 nanocomposites showed better wear
resistance than the unreinforced 18Ni300 steel, and the low-
est specific wear rate was found for the 18Ni300 steel rein-
forced with 7.0 vol% TiC: k=0.32x 10" mm?*/N.m versus
k=1.84x 10"® mm*/N.m for the unreinforced 18Ni300 steel.

® Abrasion was found to be the main wear mechanism for
both the unreinforced 18Ni300 and the 18Ni300 reinforced
with 2.0 vol% TiC, while for the steel reinforced with 4.5 and
7.0 vol%, TiC material removal due to abrasion and signs of
material fatigue could be the cause of wear.

e The addition of large amounts of TiC reduced the impact
strength of the material and made it extremely brittle, espe-
cially after aging treatment.

e The aging treatment should be optimised to better balance
the elastic properties of the nanocomposites (e.g., shorter
aging or lower temperatures).

e Overall, the results show that the PBF-LB-produced TiC-
reinforced 18Ni300 nanocomposites are promising for use
in mould components, especially in inserts subject to severe

wear, such as PP40 injection.
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