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A B S T R A C T

The functionalization of additive manufacturing (AM) powders with nucleating particles has the potential to alter 
the grain structure, and hence the mechanical properties of 3D printed structures. We have investigated use of 
hexagonal boron nitride (BN) nanosheets to modify the microstructure of Ti parts produced by laser-based 
powder bed fusion (PBF-LB). The components were 3D printed from commercially pure titanium (cp-Ti) pow-
ders coated with small amounts (1.5 vol% ≈ 0.77 wt%) of BN nanosheets. As a comparison, pure cp-Ti parts were 
also built under the same processing conditions. Small- and wide-angle X-ray scattering (SAXS-WAXS) analysis of 
the 3D printed test structures revealed that BN addition significantly refined the α-Ti grain size and randomized 
the α-Ti texture. It was observed that grain-refined Ti-BN samples were harder and more brittle than their pure 
cp-Ti counterparts. This research provides new insights for grain refining using functional powder feedstocks 
with relatively simple powder pre-processing, and may be applied more broadly in laser-based metal AM.

1. Introduction

One of the challenges in metal additive manufacturing (AM) is 
achieving microstructural features similar to those obtained using 
traditional fabrication techniques. Undesirable features often arising 
during metal 3D printing are large grains and columnar grain structures 
[1]. In both cases, they pose a serious threat to the component’s struc-
tural integrity, leading to poor tensile and yield strength [2].

Metal AM techniques lend themselves to very high thermal gradients 
and cooling rates, which results in out-of-equilibrium solidification [3]. 
Moreover, the layer-by-layer build-up mechanisms create significant 
anisotropy of the mechanical properties, with vast differences occurring 
in the build direction as opposed to the transverse direction [4]. During 
an AM build process from metal powders, grains in the melt pool will 
nucleate starting from the surface of the previous layer. Grains may then 
grow out from these nucleation sites with regular structures, such as 
columnar growth, adversely affecting the part’s mechanical response, 

and thus causing hot tearing along columnar grain boundaries [5], and 
even causing higher risk of corrosion attack [6].

A possible way around this consists in introducing small amounts of 
additives that promote grain refinement. It is commonly accepted that 
accelerated heterogeneous nucleation requires a combination of nucle-
ant and solute effects [7]. Nuclei that solidify at a much higher tem-
perature than the bulk metal/alloy provide the starting point for 
crystallisation to occur as the melt cools down. Meanwhile, the presence 
of a solute may promote constitutional undercooling. If the constitu-
tionally undercooled zone builds up quickly ahead of the solidification 
front, heterogeneous nucleation of the melt can be triggered promptly, 
thus reducing the final grain size. The ability of a solute to produce 
constitutional undercooling can be quantified through the growth re-
striction factor, Q, expressed as: 

Q=mlc0(k-1) Equation 1 

Where ml is the slope of the liquidus, c0 is the solute concentration in 
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the melt, and k is the partition coefficient [7].
Further to promoting heterogeneous nucleation within the melt pool, 

since 3-dimensional (3D) printed parts are generally built layer upon 
layer, it is then important to prevent grain growth due to re-heating as 
subsequent layers are being added on top of the previous ones. This can 
be achieved through Zener pinning by the precipitation of a thermally 
stable second phase at the grain boundaries [8].

Capitalising on the experience garnered with conventional powder 
metallurgy, different nanostructured additives or modifiers can 
ameliorate the microstructure of AM metal components during the build 
process itself without additional post-processing (e.g., post-printing 
thermal treatment) [9].

When it comes to titanium (Ti), boron (B) may accomplish each of 
these roles simultaneously [10]. Boron is extremely efficient in pro-
ducing constitutional undercooling, since it has the largest growth re-
striction factor in Ti tabulated so far [7]. If the B concentration is locally 
hypereutectic, primary TiB crystals will form and act as nucleating 
agents for Ti. The eutectic reaction leads to the formation of TiB nano-
whiskers that preferentially migrate to the Ti grain boundaries [11,12], 
where they avoid any further grain growth upon re-heating through 
Zener pinning. Thanks to the presence of B, it may be possible to favour 
the columnar to equiaxed (CTE) transition, promote grain refinement, 
and hence overcome some of the microstructural limitations that 
currently exist during AM processes [1].

Although the cubic form has also been used in the literature [13], 
hexagonal boron nitride (BN) is a convenient source of B [10]. Hexag-
onal BN has a melting point of 2973 ◦C, significantly higher than that of 
Ti (1668 ◦C). However, its high laser absorption coefficient results in BN 
dissolution/decomposition to B and nitrogen (N) when irradiated during 
laser-based AM [10]. Moreover, BN nanosheets are a plate-like 2-dimen-
sional (2D) nanomaterial with a layered structure similar to that of 
graphene. Being relatively large and thin, BN nanosheets are expected to 
efficiently adhere to the surface of Ti particles, and to dissolve in the 
melt more promptly than three-dimensional bulkier BN forms would do.

Here we investigate the role that relatively small amounts (1.5 vol ≈
0.77 wt%) of hexagonal BN nanosheets play when blended with 
commercially pure Ti (cp-Ti) and examine their effect on the structural 
and mechanical properties of parts 3D printed by laser-beam powder 
bed fusion (PBF-LB, aka selective laser melting, SLM). As evidenced by 
the characterisation results, while the addition of BN produces a refined 
and less textured grain structure, the full exploitation of the potential 
benefits of BN may be impaired by cracks and print defects being 
generated under unoptimized processing parameters. While the impact 
of adding BN on the mechanical properties (especially Vickers hardness) 
of the printed parts is obvious, revealing the underpinning microstruc-
tural changes that are responsible for the macroscale behaviour may be 
challenging, thus calling for sophisticated characterisation techniques.

2. Materials and methods

2.1. Feedstock powders

Spheroidized cp-Ti grade 1 powders (particle size range of 15–45 
μm) were purchased from Carpenter Additive. Hexagonal BN (lateral 
size: below 1 μm; thickness: 15 nm–35 nm) was sourced from ESK Ce-
ramics (product labelled as “Bornonid TCP001”).

Cp-Ti was pre-blended with BN by 1.5 vol% in a glove bag, then the 
powder mixture was ball-mixed in plastic jars together with 2.5 mm 
diameter zirconia balls at a powder-to-ball mass ratio of 1:2. The jars 
were evacuated and backfilled with argon to remove any residual at-
mospheric oxygen and nitrogen before sealing the lids with parafilm 
tape. The jars were placed on rollers and milled for 14 h at 50 rpm. After 
that, the zirconia balls were removed using a sieve, and the powder 
mixtures used for printing.

2.2. Additive manufacturing

The components to be printed were modelled using Autodesk 
(AutoCAD2020). Each build plate (90 mm × 90 mm) could accommo-
date two dumbbell-like blocks (envelope size: X-Y-Z: 71.5 mm × 12 mm 
× 15 mm each), three cylinders (diameter: 10 mm, height: 10 mm), 
three cubes (10 mm side), and three rods (diameter: 1 mm, height: 10 
mm). Different sizes and geometries were included in order to verify the 
printability of the Ti-BN system and produce specimens for different 
characterisation techniques.

The generated .stl file was input in the slicing software AutoFab 
MLab (Marcam Engineering GmbH). The layer thickness was set to 25 
μm. The.cls file was then exported to the PBF-LB printer. All jobs were 
completed on a Concept Laser Mlab R printer (GE Additive), with a 100 
W Nd:YAG laser, 50 μm spot size. The printing parameters were selected 
through the built-in CL WRX Control 2.0 software interface (GE Addi-
tive). For comparative purposes, both materials were processed under 
identical conditions applying the pre-optimised parameters for cp-Ti 
(cl41_cusing_100_V1_ Cambridge). For each feedstock, the whole print-
ing process took approximately 5 h.

Wherever possible, the printed components were removed from the 
build plate by electro-discharge machining (EDM). Each dumbbell-like 
block was further laser-cut (sliced) to obtain sub-sized tensile speci-
mens approximately 5 mm thick.

2.3. Microstructural characterisation

2.3.1. Optical and scanning electron microscopy
The cp-Ti, BN, and Ti-BN powders were analysed using a scanning 

electron microscope, SEM (TM4000Plus, Hitachi) to observe the 
morphology of the respective particles and verify the mixing of cp-Ti 
particles and BN nanosheets after ball milling.

Printed cube-like samples were mounted in epoxy resin (Struers 
ProntoPress 20). A thin layer of material was then removed (Kemet 
cutting machine) in order to expose a fresh metal surface. Subsequently, 
the samples were ground smooth on silicon carbide papers (from 100 
grit to 2000 grit, under continuous water flow) and then polished 
(Struers RotoPol-22) on a cloth imbued with an oxide polishing sus-
pension (OPS) of colloidal silica particles with 2 vol% of ammonia and 2 
vol% of hydrogen peroxide. The polished samples were washed with 
running water and pH-neutral detergent, and carefully cleaned with 
cotton wool. The samples were finally flushed with ethanol and dried 
using a compressed air gun. The polished surfaces were preliminarily 
imaged using an Olympus GX71 Optical Microscope (OM), with polar-
ising filters operated under the High Dynamic Range (HDR) settings.

2.3.2. Bulk X-ray diffraction
X-ray diffraction (XRD) was run under different conditions for the 

feedstock powders and the printed parts.
A Bruker D8 Advance A25 X-ray Diffractometer operating under 

CuKα radiation (40 kV, 40 mA) equipped with a Lynx Eye XE-T detector 
was employed to obtain the diffractograms of the individual cp-Ti and 
BN powders. The samples were scanned over the 2θ range 5◦–130◦ with 
a step size of 0.02◦ and a count time of 1.6 s per step, and were spun at 15 
RPM during data collection.

A Rigaku SmartLab, equipped with a rotating anode CuKα source (45 
kV, 200 mA), and Hypix 3000 detector, was employed to test the as- 
printed cubes. The diffractometer was operated in Bragg-Brentano 
mode with a 1◦ incidence slit, 20 mm receiving slit and a beam limiting 
mask of 5 mm. Data was collected over the 2θ range 5◦–130◦ with a step 
size of 0.01◦ and a scan rate of 2◦ per minute.

The collected XRD data was analysed using the Bruker XRD search 
match program EVA 6, and crystalline phases were identified against the 
ICDD-JCPDS powder diffraction database. The average crystallite size 
and strain were preliminarily estimated through the Williamson-Hall 
plots [14]. Details about the method are provided in the Supporting 
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Information, Section SI.1.
For higher accuracy, a Rietveld analysis (Bruker TOPAS V6) was also 

completed to determine the lattice parameters, anisotropic (“a” and “c” 
direction) crystallite size, strain, and additional preferred orientation 
along the (0 0 1) direction. Background signal was described through a 
combination of Chebyshev polynomial linear interpolation function and 
1/x function. Cell parameters, vertical sample displacement, peak full 
width at half maximum, and scale factor were all refined. Anisotropic 
crystallite size and preferential orientation were calculated in TOPAS 
using custom functions based on the contributions by Ectors et al. [15] 
and by Zolotoyabko [16], respectively. Error ranges were calculated 
based on three estimated standard deviations as determined by TOPAS.

2.3.3. Electron back-scattered diffraction
The electron back-scattered diffraction (EBSD) measurements were 

conducted on a JEOL-FEG Scanning Electron Microscope operating at an 
applied voltage of 20 kV. The electron beam was rastered across the 
sample (tilted by 70◦ about the horizontal plane) with the orientation 
Kikuchi patterns captured using an Oxford EBSD detector. Aztec Crystal 
software [17] was used to plot the inverse pole figure orientation maps 
and the reconstructed prior-β orientation maps.

2.3.4. Small- and wide-angle X-ray scattering
Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering 

(WAXS) measurements were performed on a Xenocs-Xeuss3.0 SAXS- 
WAXS system at the InSitX X-ray facility [18]. The SAXS-WAXS instru-
ment is based on a Ga–In liquid metal jet X-ray source, with mono-
chromatic X-rays based on the GaKα characteristic (1.3476 A). The 
source was operated at 70kVP and 250W. Based on a transmission 
experiment, the scattering signal was acquired using a Pilatus 1 M area 
detector and the X-ray spot size set to 0.8 mm × 0.5 mm for the SAXS 
measurements and to 1.6 mm × 0.9 mm for the WAXS measurement. 
The sample-to-detector distances for the SAXS and WAXS measurements 
were 1800 and 60 mm, while the data collection time was 180 s and 
1800 s, respectively. The scattering images were processed using XSACT 
software [19].

2.3.5. Micro-computed tomography
Micro-computed tomography (micro-CT) measurements were per-

formed to inspect the build quality in small printed components (rods). 
Polychromatic X-rays from a tungsten X-ray source operating at an 
applied voltage of 90 kV and 25 μA were employed. X-ray projection 
data was recorded using a Photonic-Science detector. During tomogra-
phy measurement, the sample was rotated about 360◦ in steps of 0.5◦

with an image acquisition time of 15 s/step. Image reconstruction and 
visualisation was carried out using X-TRACT [20] and AVIZO [21] 
software packages, respectively.

2.4. Mechanical characterisation

2.4.1. Vickers microhardness
Vickers microhardness (Buehler Micromet 2013 Microhardness 

Tester) was measured on freshly polished surfaces (prepared as per OM 
imaging, above) under an applied load of 100 gf and 300 gf. Average 
value and standard deviation were calculated on 10 indentations.

2.4.2. Tensile tests
As previously mentioned, sub-sized tensile specimens (nominal 

gauge length of 21 mm and cross section of 5 mm × 5 mm; filler radius of 
4 mm) were laser-cut from the dumbbell-like blocks, which led to 
obtaining 4 samples for cp-Ti and 3 samples for Ti-BN, as the fourth Ti- 
BN specimen broke while being laser-cut. Uniaxial tensile tests were 
conducted on an Instron 4505 universal testing machine equipped with 
a 100 kN load cell. For comparative purposes, the same strain rate of 
0.02 mm/s was applied to all specimens. The Young’s modulus (E), the 
ultimate tensile strength (UTS), and the elongation at break (EAB) were 

estimated through data analysis of the (engineering) stress-strain curves.

2.5. Anisotropy

To account for the predictable anisotropy of AM parts [4,22,23], all 
analyses on the cube-like samples (including OM, XRD, and HV mea-
surement) were repeated on the top and side surfaces of the as-printed 
components, where “top” surface refers the part’s face normal to the 
growth direction (i.e., parallel to the build plate), whilst “side” surface 
refers to any of the part’s faces parallel to the growth direction (i.e., 
normal to the build plate). With the raster angle being changed on each 
printing layer, it was assumed that all “side” faces parallel to the growth 
direction (“z” axis) were equivalent, irrespective of their relative 
orientation to the “x” and “y” (in-plane) axes.

3. Results

3.1. Powder pre-mixing

The Ti-BN feedstock is shown in Fig. 1. The long-time, low-energy 
pre-mixing favoured the even distribution of BN nanosheets on the 
surface of the larger Ti particles, which retained their original spherical 
shape and size.

3.2. Print quality

As demonstrated in Fig. 2, 3D parts could be built successfully with 
the Ti-BN powders, and all geometries were neatly produced with flat 
surfaces and sharp edges. However, macroscale cracks originated from 
the sides of the Ti-BN samples and propagated inwards normal to the 
build direction. Fractures were more obvious in larger parts (i.e., 
dumbbell-like blocks for tensile tests) than in smaller ones (i.e., cubes 
and cylinders), whilst rods were perfectly sound.

Under the OM, both the cp-Ti parts and the BN-modified ones 
appeared fully dense, without any detectable microporosity (Supporting 
information, Figure SI.1). However, it was not possible to distinguish 
any features relating to the α-Ti grain texture, in spite of working under 
polarised light.

While the OM inspection of the cross section of the Ti and Ti-BN 
cubes did not reveal major microstructural defects, an X-ray micro-CT 
investigation was conducted on the rods in order to verify the growth 
and preferential distribution of pores along the build direction in slender 
geometries (Supporting information, Figure SI.2). After scanning each 
rod, a threshold image was created to separate the region of interest (i.e., 
pores) from the matrix. The volume and the mean ferret diameter were 
then evaluated from the segmented pores. Very few micro-pores could 
be detected in both materials, and they were preferentially located in the 
upper part of the rods, which was particularly evident for Ti-BN. 

Fig. 1. Cp-Ti particles coated by BN nanosheets (shown in the inset) after pre- 
mixing. Scale bar: 10 μm for main figure; 1 μm for inset.
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Notably, the mean pore diameter was slightly lower for Ti-BN (13 μm) 
than for cp-Ti (19 μm).

3.3. Microstructure

3.3.1. Phase composition and texture through bulk XRD
After testing the cp-Ti and BN feedstock powders as a term of com-

parison (Supporting information, Figures SI.3 and SI.4), XRD was used 
to study the phase composition of the printed samples (Supporting in-
formation, Figures SI.5 and SI.6; for clarity, all diffractograms are shown 
in the 30◦–80◦ 2θ range). All peaks in the diffractograms of the cp-Ti and 
Ti-BN cubes could be attributed to the α-Ti phase. This corroborates the 
complete transformation from (body-centred cubic, BCC) β-Ti to (hex-
agonal close packed, HCP) α-Ti upon cooling. Meanwhile, it was not 
possible to detect the presence of any intermetallics, either borides or 
nitrates, being generated by the reaction between Ti and BN. Similarly, 
the diffractograms did not present any peaks attributable to unreacted 
BN.

The results of the Williamson-Hall analysis listed in Table 1 should be 
considered with care, due to the strong scattering (tables and diagrams 
with raw data are provided in the Supporting information, Section SI.6). 
The R-squared value (R2), which correlates with the linearity of the 
Williamson-Hall plots, was on average higher for the Ti-BN samples than 
for the cp-Ti counterparts, which suggests a less textured grain structure. 
However, unlike the cp-Ti parts, the Ti-BN samples appeared to be 
strongly strained, which could be attributed to the unoptimized printing 
parameters. As for the average crystallite size, the results of the 
Williamson-Hall analysis were inconclusive.

The outcome of the Rietveld analysis is summarised in Table 2. The 
crystallite size was systematically higher in the “a” direction than in the 
“c” direction for both materials, due to the lamellar morphology of α-Ti 
grains, but it was remarkably refined by the addition of BN. The aspect 
ratio (calculated as the ratio between the crystallite size in the “a” di-
rection and the crystallite size in the “c” direction) was comparable on 
the top surface, but dramatically reduced on the side surface after 
adding BN. The strain was negligible on the top surface of both mate-
rials’ cubes. However, thermal stresses built up along the growth di-
rection, which led to strain being present on the side surfaces. According 
to the Rietveld analysis, the strain was much stronger in the Ti-BN cubes 

than in the cp-Ti ones, which was consistent with the estimates of the 
Williamson-Hall model. While there was still some preferred orientation 
along the (0 0 1) direction in the Ti-BN cubes, it was notably lower than 
in the cp-Ti cubes.

3.3.2. Grain morphology, orientation, and micro-texture through ESBD
EBSD was used to study the grain morphology, orientation and 

micro-texture changes in cp-Ti and Ti-BN builds in more detail (Fig. 3).
The microstructure for all samples was successfully indexed with 

α-Ti, while the presence of residual β-Ti was almost negligible, in 
agreement with the bulk XRD. For all maps the colouring was used to 
represent the orientations plotted according to inverse pole figure with 
respect to the build direction. Owing to the grain size, high and low 
resolution EBSD maps were necessary. For cp-Ti (Fig. 3a), the micro-
structure map highlights the elongation of α grains, consistent with the 
epitaxial growth commonly observed in AM [10]. In general, the 
microstructure consisted of coarse α lath structures with large α grains. 
Smaller dark patches were also observed in the map, which were due to 
unresolved small α grains typically less than 3 μm in size. In the initial 
data acquisition process, the first grain orientation map recorded for the 
Ti-BN sample at the same step increment of 0.5 μm resulted in many 
failed indexation results with no reliable data. Consequently, a slightly 
smaller map with a finer step size of 0.04 μm was employed, and the 
results are displayed in Fig. 3b. The Ti-BN microstructure exhibited a 
combination of Widmanstäten and basket-weave α grain morphology.

The identified grains from the channel 5 software package were then 
segmented using AVIZO software to determine the length and width of 
the α laths (Supporting information, Figure SI.11). The average length 
and width of the α laths in cp-Ti were 3.1 and 1.1 μm, respectively, while 
the larger α grains were about 20 μm wide and extended to over 100 μm. 
On the other hand, the laths in the Ti-BN builds were homogeneous, with 

Fig. 2. Cp-Ti (left) and Ti-BN (right) parts before being separated from the build platform by EDM. Some Ti-BN parts were cracked, as shown in the detail. Green 
rectangles help visualise the as-printed rods.

Table 1 
Results of the Williamson-Hall analysis conducted on the top and side surfaces of 
the cp-Ti and Ti-BN cubes, including the R-squared value (R2) of the linear fit.

Parameter cp-Ti, top cp-Ti, side Ti-BN, top Ti-BN, side

Strain, ε 0.0009 0.0016 0.0029 0.0027
Crystallite size, L [nm] 34.5 50.0 53.7 34.5
R2 0.3188 0.4675 0.614 0.5088

Table 2 
– Outcome of the Rietveld refinement conducted on the top and side surfaces on 
the cp-Ti and Ti-BN cubes.

Parameter cp-Ti, 
top

cp-Ti, 
side

Ti-BN, 
top

Ti-BN, 
side

a parameter [Å] 2.9564 
(2)

2.9561 
(2)

2.9566 
(2)

2.9561 
(2)

c parameter [Å] 4.6861 
(2)

4.6861 
(3)

4.6913 
(4)

4.6899 
(4)

Crystallite size, a direction [nm] 28(4) 28(3) 20(1) 22(2)
Crystallite size, c direction [nm] 18(2) 13(1) 13(1) 14(2)
Aspect ratio (“a” size/”c” size) 1.56 2.15 1.54 1.57
Strain, ε [%] 0 0.026 

(9)
0 0.139(6)

Additional preferred orientation in 
the (0 0 1) direction [%]

25.4(2) 20.7(2) 18.0(2) 14.8(2)
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the length and width being reduced significantly to 0.46 and 0.15 μm, 
respectively.

The estimation of prior β grain size provides additional information 
regarding the change in grain size triggered by the addition of BN. Prior 
β grains were reconstructed using the Burgers orientation relationships 
between the α and β phases ({0001}α//{101}β and <11–20>α// 
<111>β) for the β-to-α transformation in the AZtecCrystal software. The 
reconstructed images of the parent β grains are shown in Fig. 3c and d for 
cp-Ti and Ti-BN, respectively. Clearly, the cp-Ti microstructure was 
templated on larger prior β grains compared to the Ti-BN counterpart. 
Prior β grains were elongated along the build direction in both materials 
due to epitaxial growth promoted by the layer-by-layer build process. 
However, the average prior β grain size decreased from 19 ± 13 μm for 
cp-Ti to 5 ± 3 μm for Ti-BN, which corresponds to a decrease in size of 
nearly 4 times. There did not appear to be any real preferential decrease 
in the measured grain aspect ratio, whereby the length was estimated to 
be reduced by about 4.2 times, and the width by about 5 times.

Owing to the limited grain statistics for the fine step size EBSD maps, 
orientation data for the low resolution maps was employed. The EBSD 
data highlighted a slight texture change between the two samples. 
Quantitative analysis of the orientation data indicated an increase above 
the random texture of 1.9 for cp-Ti and of 1.4 for the Ti-BN alloy. These 
results acquired at the microscale corroborate the bulk XRD data, where 
a more random orientation was identified for the Ti-BN sample, while 
also providing additional detail about the α and prior β size and 

morphology.
Fig. 3e shows the misorientation angle distribution plots of α laths in 

cp-Ti and Ti-BN builds. The identification of three peaks at around 60◦

and a single peak at 90◦ is attributed to the formation of α variants 
determined by Burgers orientation relationships as the β phase trans-
forms to α upon cooling. It is clear from the plots in Fig. 3e that certain α 
variants at 60◦ and 90◦ are promoted in the presence of BN, which is 
consistent with similar observations in the literature [9].

From the high-resolution EDS maps collected with the EBSD analysis 
(Supporting information, Figure SI.12), regions with B and N enrich-
ment with a simultaneous depletion in Ti can occasionally be seen. This 
suggests the presence of a small amount of residual BN particles in the 
Ti-BN samples. Meanwhile, no additional phases such as TiB or 
elemental B could be identified.

3.3.3. Morphological investigation through SAXS-WAXS
For the SAXS-WAXS measurements, X-rays were incident on the 

samples perpendicular to the build direction. The WAXS results are 
shown in Fig. 4a and b for cp-Ti and for Ti-BN, respectively. Three rings 
corresponding to the [10–10], (0002) and [10,11] reflections were seen 
for both materials. However, a clear difference could be observed in the 
scattering, in that the rings for cp-Ti were discontinuous, thus indicating 
the presence of large grains or preferred orientation in the microstruc-
ture, while the rings for Ti-BN displayed a randomized texture in the α 
grains, in good agreement with the EBSD results. No additional rings 

Fig. 3. – EBSD results: orientation maps of the α-Ti phase in cp-Ti (a) and Ti-BN (b) samples; corresponding reconstruction of prior β grains in cp-Ti (c) and Ti-BN (d) 
samples; misorientation angle distribution (e).
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corresponding to the β phase could be detected.
The SAXS analysis, on the other hand, provided additional infor-

mation regarding the morphological changes in the microstructure 
associated with the addition of BN. The results of SAXS for cp-Ti and for 
Ti-BN are shown in Fig. 4c and d, respectively. It is to note that the SAXS 
signal was primarily focussed close to the beam stop. This indicated the 
presence of relatively coarse structures (in the micrometre range) in 
both cp-Ti and Ti-BN builds. Further, the scattering from the cp-Ti 
sample exhibited a 4-fold symmetry (Fig. 4c), thus depicting two 
distinctively oriented α lath morphologies in approximately 45◦ angle to 
the build direction. Conversely, in the case of Ti-BN the scattering 
appeared to be closely circular (Fig. 4d), with randomly distributed 
spikes on the scattered data indicating nearly randomized orientation of 
α laths mostly governed by the refined grains in the presence of BN.

3.4. Mechanical properties

Consistent with the results reported in the literature [10], the addi-
tion of Ti-BN nearly doubled the Vickers hardness of the base cp-Ti 

irrespective of the surface being tested (be it either top or side), as 
demonstrated by the bar charts in Fig. 5. Notably, the effect of the 
applied load was negligible for both cp-Ti and Ti-BN, likely due to their 
dense microstructure.

The engineering stress-strain diagrams acquired under tensile 
loading are plotted in Fig. 6. The results of the tensile tests (average 
values based on 4 samples) show that, thanks to the optimised printing 
parameters, the cp-Ti parts featured high strength (UTS = 519.8 ± 9.9 
MPa) and stiffness (E = 105.9 ± 7.2 GPa), coupled with excellent 
ductility (EAB = 26.8 ± 5.9%). Due to the as-printed parts being 
cracked, only three dumbbell-like specimens could be laser-cut from the 
Ti-BN blocks. Out of them, two specimens failed prematurely, and did 
not achieve a steady linear elastic deformation regime before breaking 
(inset in Fig. 6b). The behaviour of these two specimens was reasonably 
dictated by cracks being present even before testing, although not visible 
to the naked eye. Ultimately, only one Ti-BN dumbbell-like specimen 
could be tested successfully, which impedes the assessment of any sta-
tistically meaningful result. Tentatively, it may be suggested that the 
addition of BN increased the stiffness (with the only measured value of E 

Fig. 4. – WAXS (a, b) and SAXS (c, d) results collected on the same area of the sample for cp-Ti (a,c) and Ti-BN (b,d).

Fig. 5. Vickers hardness (HV) measured on the top and side surfaces of the cp-Ti and Ti-BN cubes under different applied loads of 100 gf (a) and 300 gf (b).
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being 133.2 GPa), while leaving the strength unchanged (UTS = 508.7 
MPa). Interestingly, the EAB was as high as 28.3%. It is important to 
reiterate that these values should be considered with caution as they 
refer to only one specimen. However, there are signs that, if printed 
under proper parameters, Ti-BN may be as ductile and strong as cp-Ti, 
while offering increased stiffness.

4. Discussion

4.1. BN-driven microstructural changes in Ti-based AM components

In metal AM, many processing variables can be manipulated to 
favour the achievement of refined and equiaxed grains. For example, the 
grain morphology, grain size, and texture are governed by the local 
thermal conditions during solidification, whereas the transformed 
microstructure is dictated by the post-solidification cooling rate. In 
practice, the laser power, laser spot size/shape, and laser traverse speed 
play an important role in controlling the thermal history and, hence, in 
driving the final microstructure [24]. However, equiaxed microstruc-
tures are still difficult to achieve without the addition of nucleant par-
ticles [5].

High-intensity ultrasound applied during the crystallisation process 
from liquid to solid has the potential to change the microstructure of the 
resulting crystalline material, and ultrasonic grain refinement has been 
successfully demonstrated for Ti–6Al–4V [5]. This approach does not 
imply any modification to the chemistry and “cleanliness” of the metal 
powder. However, it does require a dedicated printing set-up in order to 
combine AM and ultrasonic vibration.

Post-printing heat treatments can be applied to modify the distri-
bution, size, and morphology of the α phase, but they typically have a 
limited effect on the prior-β grains [24].

Finally, the addition of boron appears to be a convenient strategy to 
induce grain refinement and mitigate columnar grain growth, because it 
effectively acts on both the prior-β grains and the α laths without any 
specialised printing hardware [10]. Notably, the action of boron is so 
strong that even trace amounts are sufficient to modify the microstruc-
ture of Ti and its alloys. This is fundamental to reduce the risk of 
agglomeration of the additive in the melt pool, and also to meet strin-
gent specifications on the printed parts’ chemistry, such as the pre-
scriptions of ASTM F2924-14(2021) [25] for Ti–6Al–4V parts produced 
by PBF.

BN is commonly used in AM as a source of B for controlling the 
microstructure and, hence, the properties of Ti-based parts. In partic-
ular, nanosized BN has been receiving much attention owing to the 
enormous specific surface area available for interacting with the laser 
beam (or electron beam, or plasma, depending on the AM technology) 
and with the surrounding metal matrix [9,26,27].

According to thermodynamic considerations, in the temperature 
range between 500 K and 2000 K the most likely reactions between Ti 
and BN lead to the formation of either TiB or TiB2 and TiN [28,29]. In 

principle, the formation of TiB2 should be thermodynamically favoured 
over the formation of TiB. However, TiB is predominant, because the 
growth rate of TiB2 crystals is much slower than that of TiB [30]. 
Moreover, TiB2 is known to react with Ti leading to the formation of 
additional TiB if the concentration of B in the reaction zone is below 
18–18.5% [28,31,32].

While the complete consumption of BN and the subsequent forma-
tion of TiB and TiN are predicted to occur under equilibrium, the high 
energy density delivered by the laser beam and the fast cooling rates 
typical of PBF-LB may promote out-of-equilibrium reactions [33]. Partly 
unreacted BN particles may survive into the printed part [9,26–28]. 
Meanwhile, laser processing may cause a selective depletion in N [9,27,
34]. The remaining N rapidly diffuses away from the original BN par-
ticles. For relatively low concentrations (below 8 wt%), N is likely to 
become an interstitial at high temperature, and then to remain entrap-
ped as super-saturated solute in the matrix as a result of fast cooling 
[27]. At higher concentrations, various Ti nitrides can also form [28,35,
36].

As for the presence of B, the Ti–B system presents a binary eutectic 
corresponding to a composition of Ti-1.6B (wt.%) at a temperature of 
1540 ◦C [37]. However, the melt pool in AM is a highly dynamic envi-
ronment, and the local concentration of B may not correspond to the 
nominal one [38]. Moreover, fast cooling as commonly observed in most 
AM methods may cause the entrapment of B in a super-saturated matrix, 
thus leading to a shift of the eutectic point [39].

Upon cooling, for (locally) hyper-eutectic concentrations, primary 
TiB will solidify first from the melt, typically in the form of elongated 
prismatic crystals. When the system reaches the eutectic temperature, Ti 
solidifies in its β form partly through heterogeneous nucleation at pri-
mary TiB crystals, partly through homogeneous nucleation from the 
melt. Since the solubility of B in solid Ti is nearly null, B atoms are 
progressively rejected from the newly formed β-Ti crystals to the sur-
rounding liquid, where they react with the residual molten Ti and pre-
cipitates in the form of eutectic TiB nanowhiskers. It has often been 
observed that eutectic TiB nanowhiskers, as well as primary TiB pre-
cipitates, are forced to the β-Ti grain boundaries, where they arrange 
themselves in a quasi-continuous network, which survives to room 
temperature through the β-to-α (“β-transus”) transformation occurring 
at 882 ◦C [11,12,40,41]. As previously mentioned, due to fast cooling in 
PBF-LB, B atoms may sometimes be locked-in as super-saturated solute 
in the Ti matrix. Re-heating due to the deposition of subsequent layers 
may initiate the eutectic reaction between super-saturated B and Ti, 
which leads to the growth of intra-grain TiB crystals [34,42,43].

For (locally) hypo-eutectic systems, the first solid that crystallises 
upon cooling is β-Ti, while TiB will only form through the eutectic re-
action in the liquid pockets surviving between primary β-Ti grains [44]. 
Upon cooling, the Ti matrix undergoes the β-to-α transition, leading to a 
composite system where TiB is still prevalently located at the grain 
boundaries.

In AM processes, B exerts a strong grain refining effect on β-Ti due to 

Fig. 6. Engineering stress-strain curves acquired under tensile loading for cp-Ti (a) and Ti-BN (b) dumbbell-like specimens.
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the nucleant and solute effects mentioned above. Since the growth of 
α-Ti grains at the β transus is largely templated by pre-existing β-Ti grain 
boundaries, the reduced size of prior β-Ti grains promotes the formation 
of refined and more isotropic α laths, reduces the α colony size, and often 
suppresses grain boundary α [45]. Moreover, a weakened texture is 
generally observed, due to the reduced epitaxial (columnar) growth of 
β-Ti grains [46], and due to the possible nucleation of α grains on TiB 
precipitates instead of prior β-Ti grain boundaries [47]. The refined and 
randomised microstructure can then be retained in spite of re-heating 
during the deposition of subsequent layers thanks to the pinning effect 
of TiB crystals at the grain boundaries [48,49].

4.2. Print quality

Due to the altered thermo-physical properties associated with the 
presence of a second phase, metal matrix composites (MMCs) generally 
require different printing parameters than the base metal for achieving 
high-quality defect-free parts. Most ceramic phases, BN included, have a 
higher laser absorption coefficient than Ti [50]. Moreover, thermody-
namically favoured reactions between the filler and the matrix are 
exothermic, which provides an additional energy input to the melt pool 
in the form of heat. Finally, ceramic nanoparticles are likely to adhere to 
the surface of the larger metal powder, and this increases the surface 
roughness and hence reduces the laser reflection [50,51]. Ceramic 
particles may also contribute to bridging adjacent metal particles, thus 
favouring consolidation [27]. As a result, in theory, adding a ceramic 
phase would be expected to make printing easier. However, it is com-
mon experience that ceramic-metal powder mixtures actually require a 
higher energy density than neat metals or alloys for printing. This is 
mainly because most ceramic phases are thermally stable and melt at a 
much higher temperature than the base metal [52]. The presence of 
solid (unmolten) particles disrupts the melt pool dynamics, and this has 
profound consequences on the melt pool geometry and ultimately on the 
consolidation of the printed part [53].

Although it was predicted that this would result in print defects, in 
the present contribution it was decided to process the Ti-BN powders 
with the same printing parameters routinely used for cp-Ti. This was for 
several reasons. Firstly, because this scenario most likely corresponds to 
what happens in industry, where most printers are “black boxes” pre- 
programmed with proprietary “parameter sets” that the printer’s 
manufacturer has optimised for common metals and alloys [54]. 
Oftentimes, the choice is limited to a handful of metals and alloys, such 
as tool and stainless steels, Ti and Ti–6Al–4V, Ni–Ti (nickel-titanium) 
alloys, and copper. As a result, if faced with a new feedstock like the 
pre-mixed Ti-BN powders being considered here, the operator would 
likely have to select the printing parameters among those few options 
that are already available in the printer’s menu, and, in that case, cp-Ti 
could certainly be an educated guess. Secondly, in terms of scientific 
research, printing both materials under the same conditions was deemed 
necessary to single out the effect of adding BN. On the other hand, 
observing the outcome of the printing parameters optimised for Ti when 
applied to Ti-BN represents the most logical starting point for the opti-
misation of the printing parameters of the new material. In this regard, it 
should also be mentioned that the contributions by Otte et al. [26,27] 
provide a detailed optimisation of the printing parameters of Ti-BN 
systems with compositions that closely correspond to the one being 
examined here. However, despite offering a useful term of comparison, 
these parameters were identified for a specific printer, and therefore 
they could not be directly translated to a different equipment, as it is 
well known that manufacturing the same material on different printers 
requires different parameters [55].

In conclusion, the presence of cracks in the Ti-BN parts, as shown in 
Fig. 2, was not unexpected. Despite the advantages offered by the 
addition of B towards the microstructural design of Ti-based AM parts, 
the difficulty of defining appropriate processing parameters and the 
impossibility of translating them onto most printers working as “black 

boxes” may represent a substantial obstacle to the wider uptake of B- 
modified feedstocks in industry.

In spite of the presence of macroscale cracks (Fig. 2), the micro-
structure of the Ti-BN parts was extremely homogeneous and compact, 
without any visible porosity, as evidenced by the OM images (Sup-
porting information, Figure SI.1). Micro-pores could be occasionally 
observed through micro-CT scanning (Supporting information, 
Figure SI.2), but defects are inevitable in AM parts [56], and the for-
mation of pores may be exacerbated in very thin parts built normal to 
the base platform like the rods used for the micro-CT tests [57,58]. 
Achieving nearly pore-free parts was certainly favoured by the 
low-energy procedure followed here for mixing Ti and BN, since ball 
milling did not alter the original spherical shape and size distribution of 
the cp-Ti powder specifically designed for PBF-LB.

4.3. Microstructure: preliminary characterisation through bulk XRD

The phase identification through bulk XRD (Supporting information, 
Figures SI.5 and SI.6) confirmed the complete conversion of the high- 
temperature β-Ti polymorph to the low-temperature α-Ti polymorph, 
as expected in systems that do not contain β stabilisers [59].

Sometimes, the presence of α′ martensite is also reported in the 
literature [60]. However, the formation of α′ martensite is largely 
dependent on the processing conditions [61] and the nature of the 
feedstock powder [62]. As a result, depending on the printing parame-
ters and the system composition, it is not uncommon to observe α-Ti, 
rather than α′ martensite, in Ti parts processed by PBF-LB [63]. More-
over, the addition of B may favour the crystallisation of α forms at the 
expense of α’ martensite [28,49,64].

Not surprisingly, bulk XRD could not reveal any trace of in-
termetallics (TiB included) being generated by the reaction between BN 
and Ti, nor the presence of any residual unreacted BN, because the 
respective weight fractions were too low for detection. This is a known 
issue with Ti–B systems modified with trace amounts of B [9,39,47,49,
51,65,66]. Besides the low concentration, confirming the presence of 
TiB is particularly challenging due to the overlap of most TiB and α-Ti 
peaks [46].

Although the Williamson-Hall method was originally proposed for 
powdered samples [67], the analysis conducted on the printed compo-
nents reveal two interesting trends. Firstly, the strain in the Ti-BN parts 
is, on average, much higher than in the cp-Ti counterparts. Micro-strain 
is due to residual stresses being built-in upon printing [68]. As 
mentioned above, the Ti-BN parts were processed under unoptimized 
parameters, which may have worsened the residual stress state with 
respect to the cp-Ti parts [69]. Concurrently, the addition of B is known 
to decrease the ductility of Ti [9,40,70], and this phenomenon may be 
exacerbated by the presence of interstitials, especially N [32]. The 
development of residual stresses, combined with the embrittlement of 
the Ti matrix (further confirmed by the results of the tensile tests), are 
likely the main physical reasons for the macroscale cracks observed in 
the Ti-BN parts, as discussed above (Section 4.2). Secondly, if the ma-
terial was perfectly isotropic, all the points in the Williamson-Hall plot 
would lie on the same line [71]. Since scattering is observed in all plots 
for cp-Ti and Ti-BN (Supporting information, Section SI.6), the 
Williamson-Hall analysis confirms the anisotropic behaviour of the 
as-printed materials. However, the stronger data scattering suggests a 
higher degree of anisotropy in the cp-Ti parts than in the Ti-BN ones. The 
results of the Rietveld analysis (Table 2) are in good agreement with 
these trends, and also suggest that α laths are less elongated (lower 
aspect ratio) in the Ti-BN parts than they are in the cp-Ti cubes, which 
demonstrates the efficacy of B in promoting a less textured 
microstructure.

4.4. Structural features through advanced characterisation

The EBSD microstructures (Fig. 3) confirmed the development of α 
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lath morphology in both cp-Ti and Ti-BN samples. However, the addi-
tion of BN led to a significant refinement in the prior β grain size, which 
carried over to a significant refinement in α grains at room temperature. 
As discussed above, the reduction in the β grain size could be primarily 
associated with the increased nucleation sites available at the TiB 
crystals or near BN inclusions. Due to the very low concentration of BN 
used in the current Ti-BN system, the formation of TiB crystals could not 
be confirmed at the magnifications used for the EBSD microstructures. 
Even higher resolution and high magnification images would have been 
needed to this end. Nonetheless, the significant decrease observed in the 
prior β grain size is believed to be assisted by TiB, as often observed in Ti- 
based components produced by AM [10].

As already mentioned, the β-to-α phase transformation preferentially 
occurs through the formation of certain α variants, which tend to 
arrange themselves according to energetically favoured grain bound-
aries (“self-accommodation”) [72–74]. As a term of comparison, Wang 
et al. [73] analysed the misorientation angle distribution of the α phase 
in cp-Ti sheets after solution treatment, water quenching and thermal 
annealing, and recorded the presence of four peaks located around 10◦

(frequency of nearly 0.01), 60◦ (nearly 0.18), 63◦ (nearly 0.15) and 90◦

(nearly 0.06). While the peak position matched closely, Fig. 3e shows 
that the relative frequency of the preferred misorientation angles for the 
cp-Ti samples examined here was slightly different, with the 63◦ angle 
prevailing on the 60◦ angle. However, the peak associated with the 60◦

misorientation angle became dominant again after the addition of 
Ti-BN. For both 3D printed materials, and especially for cp-Ti, the fre-
quency of the 10◦ misorientation angle was significantly higher than it 
was for the samples investigated by Wang et al. [73]. These differences 
were likely caused by the competition between energy-driven self--
accommodation and AM-induced epitaxial growth, with the preferential 
orientation of Ti grains in the AM samples being mitigated by the 
addition of BN.

Despite the decrease in size of the α laths in the Ti-BN samples, the 
aspect ratio appeared to be unchanged when compared to cp-Ti. 
Meanwhile, due to the substantial difference in morphology, a direct 
comparison of α lath texture evolution in cp-Ti with and without BN is 
not possible. The texture data from low magnification EBSD measure-
ments present a more realistic picture of the orientation. A decrease in 
the texture strength from 1.91x random for cp-Ti to 1.43x random for Ti- 
BN indicates texture weakening due to grain refinement. The random-
isation in the texture can also be seen from the continuous diffraction 
rings in the WAXS experiments. Further, a near spherical distribution in 
the SAXS signal indicates more available α lath orientations uniformly 
distributed in the fine prior β grains.

4.5. Mechanical properties

As shown in Fig. 5, adding BN in trace amount was enough to nearly 
double the Vickers hardness of the Ti-BN parts over the cp-Ti counter-
parts. This remarkable effect was predictable. Firstly, the addition of B 
generally increases the yield strength of the base metal, and this im-
proves the material’s resistance to plastic deformation and hence its 
hardness [12,28]. The strengthening effect of B is mainly driven by two 
mechanisms, i.e., Hall-Petch strengthening, and shear-lag strengthening 
[75]. The Hall-Patch strengthening effect, a.k.a. “boundary” strength-
ening, is associated with grain refinement, because the slip length of 
dislocations becomes shorter as the grain size is reduced [76]. The 
shear-lag strengthening effect, a.k.a. “load-sharing” or “load-bearing 
transformation”, is associated with the presence of short fibre-like re-
inforcements, like the TiB crystals that are expected to form in 
B-modified Ti [77]. Reasonably, since the volume fraction of TiB in the 
Ti-BN parts being examined here is so low that it remains below the 
detectability threshold of XRD, it may be hypothesised that the main 
contribution to strengthening (and, thus, to hardening) will come from 
the Hall-Patch mechanism [78]. Nonetheless, as discussed by Li et al. 
[79], the overall strengthening effect is rather the result of the 

superposition of individual mechanisms, regardless of their specific 
entity. In addition to these strengthening mechanisms, the presence of 
TiB and other intermetallics may also impart additional hardness, since 
they are intrinsically harder than Ti [80]. Finally, another contribution 
to increasing the hardness of Ti comes from solute atoms, because N 
exerts a very strong solid solution hardening effect [9].

Ultimately, a remarkable increase in hardness is one of the main 
outcomes described in the literature when Ti-based AM parts are func-
tionalised with BN. In order to support this statement, Fig. 7 maps the 
values reported in a number of published articles for the Vickers hard-
ness of Ti- and Ti–6Al–4V-based parts processed by PBF-LB and by DED- 
LB as a function of the weight fraction of BN being added to the system. 
Further detail regarding each contribution analysed to draw Fig. 7 is 
tabulated in the Supporting information, Table SI.5.

In the absence of a standardised procedure for measuring the Vickers 
hardness of metal AM parts, different experimental conditions have been 
applied by different authors in the literature. For example, the inden-
tation load spans two orders of magnitude, and the dwell time can also 
vary between 10 and 15 s. Since it is not possible to rule out the hy-
pothesis that hardness values are affected by different indentation 
conditions [81,82], the comparison in Fig. 7 should be considered with 
caution. Nonetheless, it may be suggested that the hardness of Ti- and 
Ti–6Al–4V-based parts increases at first very quickly as the amount of 
BN increases, but then tapers off when the filler loading is 5 wt% or 
above, with the threshold lying indicatively in the 2–3 wt% range 
(dashed vertical lines in Fig. 7). The change in slope is still evident if the 
data regarding Ti-matrix parts manufactured by PBF-LB are plotted 
separately (shown in Fig. 7b). Naturally, additional data points would be 
required to further confirm these trends and, in case, to identify the 
critical filler loading in a more accurate fashion. However, this “satu-
ration” in hardening can reasonably be associated with the “saturation” 
in grain refinement that is often observed when B is added to Ti and Ti 
alloys. In Ti and Ti alloy castings, the saturation limit for grain refine-
ment is usually detected at around 0.10 wt% of B [74,83,84], but it has 
been postulated that the solute saturation point would shift to higher 
values in AM, especially in PBF-LB and DED-LB, due to the higher 
cooling rates [10]. For example, Zhang et al. [47] noticed that the size of 
the reconstructed β grains in Ti–6Al–4V parts processed by DED-LB kept 
decreasing up to 1 wt% of B. With the stoichiometry of BN being 1:1, 
given the atomic mass of B as 10,811 u and the atomic mass of N as 14, 
0067 u, 1 wt% of B would correspond to 2.3 wt% of BN, which aligns 
well with the saturation limit in Fig. 7.

Besides this processing-induced shift of the saturation limit, other 
factors may also contribute to restraining the hardening effect at high 
filler loading. While a larger volume fraction of TiB and other hard in-
termetallics would likely form at higher BN loadings, these reaction 
products are expected to precipitate as coarse crystals, which are known 
to negatively affect the local ductility of the composite [70]. Moreover, 
at higher BN loadings there is a higher probability that unreacte-
d/undissolved BN particles may survive into the printed part. While BN 
by itself is a hard material, the interface with the surrounding metal is 
likely to be very weak, as often observed for ex-situ composites [85]. The 
increasing concentration of thermally stable phases, which solidify at 
higher temperature than the metal matrix, is predicted to perturb the 
flow dynamics within the melt pool, thus favouring the development of 
pores and other microstructural defects [86]. Ultimately, these effects 
may impair the resistance to plastic deformation and hence the ductility 
of the composite. It should also be mentioned that, in terms of meth-
odology, most models for calculating the indentation-induced area of 
contact are based on elastic equations, which generally assume that the 
elastic modulus of the material being tested remains constant with 
increasing depth of penetration [87]. As the concentration of BN, TiB 
and other reaction products increases, the composite becomes more 
heterogenous (which is also confirmed in the present contribution by the 
larger data scattering visible in Fig. 5 for the Ti-BN parts with respect to 
neat cp-Ti) and diverges from the theoretical models, which makes the 
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interpretation of hardness data more uncertain.
The potential existence of a “hardening saturation effect” would 

deserve further attention in future, given the need of adding as little BN 
as possible while maximising the performance of Ti-based parts in order 
to preserve the printability of Ti.

The size of the indents produced on a relatively hard material like Ti 
is generally in the order of few microns. As such, although contact 
stresses may be transferred to the surrounding material while the tip is 
being pushed against the surface [88,89], Vickers hardness is still a 
“local” property, meaning that the tip probes a limited (sub-superficial) 
volume of material. Meanwhile, indents are preferentially located on 
defect-free areas of the material’s surface. As a result, Vickers hardness 
is generally insensitive to the presence of cracks or other macro-defects, 
as it is quantified on an (arbitrarily chosen) “ideal” portion of material. 
Conversely, tensile tests return “global” properties, in that tensile 
loading is applied to the specimen as a whole, since the specimen is 
clamped in the grip sections and then tensile stresses are generated over 
the entire gauge volume (unless local instabilities occur [90]), where 
failure should occur for the test to be valid [91]. This explains why the 
drawbacks of adding BN under unoptimized printing parameters, 
namely the presence of residual stresses, the existence of macroscale 
cracks, and the embrittlement of the Ti matrix, could be better recog-
nised through tensile testing, rather than through Vickers hardness 
measurement.

The results of the tensile tests conducted on additively manufactured 
parts can be affected by numerous variables. For example, in addition to 
materials composition and printing parameters, it is known that the 
tensile properties are influenced by the specimen size and shape, as well 
as by the testing conditions such as the loading rate. A recent assessment 
of applicable tensile test standards is available, for example, in the 
contribution by Crocker [92]. Given this complicated interplay, in the 
present research all the variables were kept the same while producing 
and testing the tensile specimens. This was purposely done in order to 
single out the effects of adding BN nanosheets to cp-Ti. As a result, the 
difference between the stress-strain diagrams in Fig. 6 is directly 
attributable to the presence of BN in the feedstock material. However, 
most of the Ti-BN specimens investigated here failed prematurely, which 
attests to the lack of structural reliability of the Ti-BN parts built under 
unoptimized parameters. The only dumbbell-like part that could be 
successfully laser-cut and tested returned very good tensile properties, 
but it is impossible to draw any sound conclusions from a single spec-
imen. This reconfirms the paramount importance of printing the com-
posite parts under optimised parameters to take full advantage of adding 
BN.

Unfortunately, the limited data available in the literature (for 

example, by Otte et al. ([27]) is not sufficient for mapping the tensile 
properties of Ti- and Ti–Al–4V-based AM parts against the weight frac-
tion of BN as previously done for the Vickers hardness. Tensile testing is 
likely so uncommon in the body of literature because the lack of a 
dedicated standard for AM parts makes it difficult to conduct tensile 
tests in a systematic and repeatable way [55]. Moreover, it is often stated 
in the literature that compression tests are less sensitive to minor pro-
cessing flaws than tensile tests are, and they also avoid necking in-
stabilities [93]. As a result, compressive tests are frequently preferred to 
tensile tests in relation to metals processed by AM [12,75,94,95], 
especially for brittle materials [96] and parts without any 
post-treatment [34]. However, the limited understanding of the effect of 
BN on the tensile properties of Ti-based components processed by AM 
represents a serious gap, given the crucial role of tensile properties in 
materials selection and structural design. Moreover, tensile tests are 
important for recognising the impact of porosities and 
processing-related flaws on load-bearing capacity and reliability [97], 
particularly in fracture critical applications [55,98]. Accordingly, it is 
recommended that consideration be paid to tensile testing in future 
research.

Finally, the BN-modified parts presented in this contribution feature 
increased hardness, but also suffer increased brittleness with respect to 
their cp-Ti counterparts. The increased hardness, which is reasonably 
associated with a better resistance to plastic deformation [11,28], can be 
helpful in those applications that imply harsh contact conditions, miti-
gating wear and contact fatigue [99]. However, the increased brittleness 
may negate these advantages causing premature failure. As previously 
mentioned, the brittleness of the Ti-BN parts is to a large extent caused 
by the unoptimized printing conditions. However, the presence of boron 
per se is known to cause embrittlement. This issue has been often re-
ported in the literature for both conventionally fabricated and additively 
manufactured parts [10]. It has been suggested that ductility can be 
partly restored by the addition of β stabilisers such as iron (Fe), mo-
lybdenum (Mo), and niobium (Nb) [32]. However, the co-existence of 
multiple additives deserves particular attention to figure out potential 
synergic or antagonistic effects. This approach would thus require 
additional research in future, especially in the AM panorama.

4.6. Industrial scalability

It is important to remark that the feedstock preparation presented 
here is extremely simple, cost effective and scalable. Naturally, the 
process needs some special attention in order to limit the oxidation of Ti 
and to safely handle the nano-sized BN nanosheets. Apart from that, at 
lab scale, the whole procedure can be easily accomplished with a glove 

Fig. 7. – Comparison of literature data showing the effect of BN on the Vickers Hardness (HV) of Ti and Ti–6Al–4V parts processed by PBF-LB and DED-LB (a), with a 
focus on Ti parts manufactured by PBF-LB in analogy with the material being studied here (b). Dashed vertical lines in both (a) and (b) show the weight percent of BN 
indicatively corresponding to the saturation limit; faint blue lines in (b) show the linear trendlines for “HV” vs. “BN wt.%” corresponding to low and high con-
centrations of BN in Ti-based parts produced by PBF-LB.
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bag for pre-mixing cp-Ti and BN, and a roller to keep moving the plastic 
jars during the milling step. While scaling up is not foreseen to cause any 
major technological hurdle, the main criticality of this feedstock prep-
aration method is the time required for milling, since the jars had to be 
left on the rollers and milled for 14 h at 50 rpm for the BN nanosheets to 
spread evenly on the Ti particles. However, provided that the spherical 
shape and size distribution of the Ti powder are preserved, it is 
reasonable to expect that this time could be cut down significantly with 
the adoption of industrial milling systems, instead of a (relatively 
rudimentary) roller. Moreover, the procedure described in the present 
contribution may appear particularly lengthy because it applies to the 
preparation of a single batch of feedstock powders, but the process could 
be made continuous to enable mass production.

Another important consideration is that, as previously remarked, the 
printing parameters pre-set for cp-Ti should be adjusted for Ti-BN. 
Although tuning the printing conditions falls outside the scope of this 
contribution, optimisation studies are common in the literature (for 
examples, in the papers by Otte et al. [26,27]) and could be similarly 
conducted for our material system. This would certainly facilitate the 
industrial uptake of the new pre-mixed powders presented, especially on 
those printers that work with “open” parameters, meaning that the 
operator can freely play with them. The adoption of the new Ti-BN 
powders remains more troublesome for those “black box” printers that 
only work with pre-set printing instructions. However, in broader terms, 
it is worth noting that this is an issue with all new feedstock materials, 
and not just with our pre-mixed powders, thus representing a potential 
obstacle to the translation of promising research outcomes in the liter-
ature to industrial practice.

AM is becoming mainstream in industry for the production of rela-
tively small numbers of high-value components. While the productivity 
is still lower than conventional methods such as casting, metal AM en-
ables the fabrication of complicated architectures and personalised 
constructs for performance-critical applications in the medical, energy, 
and aerospace sectors [100]. Further to this, being AM a tool-less 
technology, the targeted geometry can be changed effortlessly. How-
ever, it is generally recognised that the limited availability of printable 
materials is hindering the wider adoption of AM for broad-ranging 
functional customisation [101,102]. This ultimately leads to a para-
doxical condition, whereby research is being geared towards the 
development of a broader range of printable materials, whilst most in-
dustrial printers are only designed to receive a limited number of basic 
materials. In future, overcoming this anomaly will likely require a closer 
connection between materials developers and technology suppliers.

5. Conclusions

Inroads into eliminating the epitaxial grain growth that causes 
columnar structures in additively manufactured titanium (Ti) parts have 
been demonstrated by the addition of low (0.77 wt%) amounts of boron 
nitride (BN) nanosheets. Monochromatic diffraction results from small- 
and wide-angle X-ray scattering (SAXS-WAXS) revealed that the addi-
tion of BN both refined the α-Ti grain size and randomized its texture. 
Coupling this with electron back-scattered diffraction (EBSD) data pro-
vides compelling evidence of the significant refinement of α-Ti grain. 
The grain refinement process is thought to be caused by the combined 
constitutional undercooling-solute effects enabled by boron (B), and by 
enhanced nucleation sites at BN or TiB during solidification of Ti melt, 
resulting in a B-enriched microstructure at grain boundaries. Further, 
the refined and randomised microstructure is retained in spite of re- 
heating during the deposition of subsequent layers thanks to the 
pinning effect of TiB crystals at the grain boundaries. Optical micro-
scopy supported by X-ray micro-computed tomography also revealed 
that the microstructure of the Ti-BN parts was extremely homogeneous 
and compact, largely due to the uniform adhesion of the BN nanosheets 
to the surface of the cp-Ti powder after low-energy ball milling. In terms 
of mechanical performance, the addition of trace amounts of BN almost 

doubled the Vickers hardness of the Ti-BN composite parts over the cp-Ti 
matrix. However, despite these observations in BN’s ability to ran-
domized the grain structure and improve the hardness of cp-Ti, the non- 
optimised printing parameters led to non-negligible residual stresses, Ti 
matrix embrittlement, and microscale cracks. These results herein sug-
gest that the incorporation of BN into a Ti matrix for producing AM parts 
requires further investigation to optimize the 3D printing parameters, 
which may be an impediment to the wider uptake of BN-modified 
feedstock in industrial settings owing to the “black box” nature of 
most commercial printers.
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