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A B S T R A C T   

This paper reports on the adoption of TiB2 as an inoculant to fabricate IN718 via the direct energy deposition 
(DED) process. Effective grain refinement and low texture were achieved in IN718/TiB2 using a TiB2 powder size 
of d90 = 10 μm and mass fraction of 1.5 wt%. The use of low linear energy density (33.08 J/mm) produced 
IN718/TiB2 deposits free from large grains (>300 μm), however at the cost of the formation of interlayer defects. 
By comparison, the large grains were present in deposits made with a linear energy density of 78.74 J/mm and 
also in deposits manufactured without an included inoculant. Production of deposits at lower energies without 
interlayer defects was possible by reducing the powder flow rate to 7 g/min. However, this caused a moderate 
increase in grain size. The TiB2 inoculant reduced the Laves phase network by replacing it with homogeneously 
distributed Cr-, Mo-, Nb-, and B-enriched needle-shaped precipitates. Tensile strength increased by 300–500 MPa 
with TiB2 addition, but at the cost of significant ductility drop, regardless of the deposition conditions. The IN718 
deposit displayed many micro-cracks at the network of Laves phase during tensile loading, whereas micro-cracks 
in the IN718/TiB2 occurred at the interface between the needle-shaped precipitates and the matrix. The strength 
enhancement in IN718/TiB2 was by a combination of strengthening mechanisms: grain boundary, dislocation 
structure formation, Orowan-type and load transfer related to the needle-shaped precipitates.   

1. Introduction 

The microstructure and mechanical properties of Inconel 718 
(IN718) fabricated using various additive manufacturing (AM) tech
niques have been extensively studied [1–5]. Direct energy deposition 
(DED) is a blown-powder AM process, and during the deposition heat 
flow occurs towards the substrate through the previously deposited 
layers, resulting in columnar dendrites growing epitaxially from the 
substrate. Elongated grains with a {001} texture often result in aniso
tropic mechanical properties of the AM-fabricated IN718 [2,6–9]. 
Moreover, high cooling rates associated with the DED inhibits formation 
of γ″ and γ′ precipitates, and the non-equilibrium solidification promotes 
the formation of the Nb-enriched Laves phase of (Ni,Cr,Fe)2(Nb,Mo,Ti) 
[10,11]. Despite the enhanced strength after post-processing heat 
treatment due to the precipitation of γ′ and γ’’, anisotropy still exists, 
especially in the ductility [12–14]. 

Different solidification modes (columnar or equiaxed) are generally 

attributed to the thermal gradient G (K/m) and solidification rate R (m/ 
s), which are controlled by process parameters such as laser beam power 
and travel speed [15,16]. Gäumann et al. [17] developed process maps 
to predict the columnar-to-equiaxed transformation where a lower G/R 
ratio favours equiaxed microstructure. Additionally, G × R represents 
the cooling rate, and a higher value would result in a finer microstruc
ture, and vice versa. Process parameters can be adjusted to achieve 
different grain morphologies varying from fully columnar grains to 
mixed equiaxed and columnar grains in AM-fabricated IN718 [18,19]. 
However, the inherent high thermal gradient of laser AM restricts the 
formation of a homogenous equiaxed microstructure [20]. Babu et al. 
[21] applied theoretical models to electron beam melting (EBM) of 
IN718 to understand the effect of pre-existing nuclei on the G/R map and 
observed that higher pre-existing nuclei aids formation of equiaxed 
grains. 

Inoculant particles have been used to modify the microstructure by 
promoting columnar to equiaxed transition in AM-fabricated aluminium 
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alloys [22–24], stainless steels [25–29], titanium alloys [30,31] and 
high-entropy alloys [32]. The addition of inoculant particles provided 
strengthening in the resulting deposits, with almost all revealing 
improved tensile strength at the cost of ductility [27,32,33]. For a wide 
range of alloy systems, the inoculant has been found to decompose to 
produce heterogeneous nucleation sites for grain refinement and 
strengthening of the resulting composite, such as boron nitride 
nano-tube strengthened Ti–6Al–4V fabricated by DED [33], VCx 
strengthened 316L stainless steel fabricated using Laser Powder Bed 
Fusion (L-PBF) [27], as well as WC1-x [34] and SiC [35] reinforced IN718 
fabricated by L-PBF. 

Generally, high melting point particles are incorporated as the 
inoculant to tailor mechanical properties in AM IN718 composites. Ho 
et al. [36] observed the presence of fine grains in L-PBF IN718 after 
WC-W2C addition (0.5 wt%). However, the presence of fine grains was 
observed only in the matrix adjacent the inoculant surface. TiC was used 
by Jia et al. [37] and Gu et al. [38] to improve strength and wear per
formance in L-PBF IN718. The IN718/TiC composites exhibited 
improved wear properties as compared to IN718 deposits, with high 
nano-hardness of 4.48 GPa, low friction coefficient of 0.36, and low 
wear rate of 3.83 × 10− 4 mm3/Nm. However, there was no report about 
the effect of TiC addition on the microstructure morphology. Ho et al. 
[39] observed that the addition of CoAl2O4 particles (0.2 wt%) in L-PBF 
IN718 resulted in the dispersion of Al-rich nano-oxide particles in the 
matrix. Overall, they observed creep life increase from 177 to 229 h as a 
result of inoculant addition. The degree of crystallographic texture and 
property anisotropy were reduced, but with limited grain refinement. 
Kong et al. [40] added 10 vol percent of Ti2AlC to DED IN718 with the 
objective of modifying the solidification pathway and subsequently 
observed reduced Laves phase and ~70% increase in yield strength (and 
~50% reduction in ductility) due to the formation of (Nb,Ti)(C,N) 
particles and γ′ nanoprecipitate phase. Addition of a large volume 
fraction of WC during DED processing of IN718 in order to form a MMC 
was found to strengthen and improve wear resistance of the resulting 
deposits with the friction coefficient reducing from 0.5 with WC addi
tion compared to 0.6 without WC [41]. 

The above-mentioned literature survey suggests far less work per
formed on the DED IN718 with the addition of particles for inoculation 
or property modification, in comparison to L-PBF. The present work 
explores the effect of TiB2 on the microstructure of DED IN718. The 
effect of the addition of TiB2 on the mechanical properties of IN718/TiB2 
is determined using tensile tests with the loading applied both parallel 
and perpendicular to the build direction. 

2. Material and experimental procedure 

2.1. Selection of inoculant 

The selection of TiB2 as an inoculant is a critical part of the current 
investigation that deserves some elaboration. In cast IN718 CrFeNb and 
Co3FeNb2 have been identified as efficient inoculants for grain refine
ment [13,42,43] based on the crystallographic model. The model in
dicates that both have three distinct matching crystal planes and thus a 
very low degree of disregistry with the Ni matrix lattice. However, the 
low melting point of ~1650 ◦C for these compounds makes them un
suitable for laser DED, where high melt pool temperatures of ~2500 ◦C 
are expected [44]. 

The edge-to-edge matching model proposed by Zhang et al. [45] was 
used in the present study to calculate the lattice mismatch with the aim 
of identifying a compatible inoculant for the IN718 manufactured by 
laser DED. The edge-to-edge model is governed by minimisation of the 
strain energy of the interface (fully or partially coherent) and considers 
both the morphology and the orientation relationship (OR) between the 
matrix and inoculant. Pure FCC structured Ni has a lattice parameter of 
a = 0.3524 nm, however the presence of additional alloying elements 
(Fe, Cr, Mo) in the IN718 FCC matrix phase results in a larger value of a 

= 0.3586 nm [13]. The close-packed and nearly close-packed directions 
in IN718 (Ni) are 〈110〉, 〈100〉 and 〈112〉. For the close-packed and 
nearly close-packed planes of {111}, {200} and {220} in IN718 (Ni), the 
{111} plane contains the directions of 〈110〉 and 〈112〉; {200} plane 
contains 〈100〉 and 〈112〉 directions, and {220} plane contains all the 
directions. TiB2 has a hexagonal crystal structure, with three Ti and six B 
atoms per unit cell. TiB2 has four close-packed and nearly close-packed 
directions of 〈0001〉, 〈1123〉, 〈1010〉 and 〈1120〉, as well as four 
close-packed and nearly close-packed planes of {1011}, {101 0}, {0001} 
and {112 0} [45]. From the JCPDS database, the TiB2 lattice parameters 
are identified as a = 0.303 nm and c = 0.323 nm. 

The combination of close-packed planes and directions can form 12 
direction pairs and 12 plane pairs between TiB2 and IN718 (Ni) matrix. 
Table 1 summarises the calculated mismatch of these plane pairs and 
direction pairs, using the edge-to-edge model. It can be concluded that 
three possible direction pairs with the mismatch of <10% are: 
〈110〉Ni/〈1010〉TiB2

, 〈100〉Ni/〈0001〉TiB2
, and 〈112〉Ni/〈1123〉TiB2

. Simi
larly, the matching plane pairs (with mismatch of <10%) are: 
{111}Ni/{1011}TiB2

, {200}Ni/{0001}TiB2 
and {220}Ni/{1010}TiB2

. The 
possible ORs between the TiB2 and IN718 (Ni) matrix are thus identified 
as follows: 

(111)Ni

/
(1011)TiB2

‖ [112]Ni

/
[1123]TiB2  

(200)Ni

/
(0001)TiB2

‖ [011]Ni

/
[1010]TiB2  

(220)Ni

/
(1010)TiB2

‖ [112]Ni

/
[1213]TiB2  

(220)Ni

/
(1010)TiB2

‖ [001]Ni

/
[0001]TiB2 

In addition to exhibiting low crystallographic mismatch, TiB2 has a 
melting temperature of Tm > 3000 ◦C, which can potentially survive 
during the DED process. This helps facilitating heterogeneous nucleation 
sites to disrupt the columnar microstructure. To summarise, considering 
the high melting temperature and good crystallographic match, TiB2 is 
judged as the suitable inoculant for the present study. 

2.2. Material preparation and additive manufacturing 

Inconel 718 powders used for the DED processed deposits had a size 
range from 45 μm to 140 μm and were acquired from AP&C pvt. Limited 

Table 1 
Atomic mismatch between IN718 and TiB2.  

Direction 
Ni 

Direction 
TiB2 

% 
Mismatch 

Plane 
Ni 

Plane 
TiB2 

% 
Mismatch 

Ni < 110> < 1120 > − 19.80 Ni 
{111} 

{1011} 1.36 

< 0001 > − 27.74  {101 0} − 27.07 

a< 1123 >
12.43  b{0001} 

21.77 

a< 1010 >
− 3.76  {112 0} 26.63 

Ni < 100> < 1120 > 15.28 Ni 
{200} 

{1011} − 13.89 

< 0001 > 9.67  {101 0} − 46.73 
< 1123 > − 23.84  {0001} 9.67 
< 1010 > − 46.73  {112 0} 15.28 

Ni < 112> < 1120 > 30.82 Ni 
{220} 

b{1011} 
19.46 

< 0001 > 26.24  {101 0} − 3.76 
< 1123 > − 1.11  b{0001} 

− 27.74 

< 1010 > − 19.80  {112 0} − 19.80  

a Two interatomic spacings in TiB2 match one spacing in IN718. 
b Two interplanar spacings in IN718 match one interplanar spacing in TiB2. 
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(GE additive). Chemical composition of the feedstock IN718 powders is 
provided in Table 2. The IN718 powders were spherical without any 
significant surface or morphological defects, as shown in Fig. 1a. A 
Camsizer analyser equipped with an optical system was used for deter
mining the powder size distribution. The cumulative distribution 
(Fig. 1b) reveals values of d50 = 80 μm and d90 = 105 μm. TiB2 particles 
with three sizes smaller than the IN718 powders, d90 = 1 μm, d90 = 10 
μm and d90 = 40 μm, and at three load fractions of 0.5 wt%, 1.5 wt% and 
2.5 wt%, were considered. TiB2 powders were premixed with the feed
stock IN718 powders using ball milling, and this process was performed 
in an argon atmosphere with a powder-to-ball ratio of 1:1, a rotational 
speed of 200 RPM and for a duration of 6 h. The milled powders were 
dried in a vacuum furnace at 120 ◦C for 1.5 h. This process was designed 
to create a uniform distribution of the inoculant TiB2 powders on the 
feedstock IN718 powders, while being mechanically gentle as not to 
compromise the sphericity of the IN718 powder. 

An Optomec LENS MR-7 apparatus equipped with a 1 kW IPG fibre 
laser with a coaxial powder delivery system was used for the DED pro
cessing. The process window was determined by performing several 
depositions with varying laser power between 350 W and 825 W and 
scan speed between 6.35 mm/s and 14.8 mm/s. The combined effect of 
laser power (P) and the scan speed (v) was investigated using linear 
energy density (El) as calculated using the equation El = P/ v [19]. A 
higher El results in a larger melt pool with higher temperature [2]. 
Depending on the densification and grain morphologies, two El values 
were adopted to produce High Energy (HE) and Low Energy (LE) de
posits. The process parameters are summarised in Table 3; henceforth 
High Energy (El = 78.74 J/mm) and Low Energy (El = 33.08 J/mm) are 
used throughout the paper. The laser spot size of 1.2 mm was used for all 
the depositions, and the oxygen content inside the building chamber was 
kept below 3 ppm during the deposition. An alternating scanning 
pattern was used, as schematically shown in Fig. 2 (a). An initial powder 
flow rate of 12 g/min was applied, however lower values were also 
explored, for reasons explained in the relevant section of the paper. The 
IN718 substrate plate was solution treated at 980 ◦C and double aged at 
720 ◦C for 8 h followed by 620 ◦C for 8 h. The average hardness of the 
substrate plate was measured as Hv 410 ± 20. 

2.3. Microstructural characterisation 

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) 
were performed on the z-x plane of the deposited sample, Fig. 2b. To 
prepare samples for microstructural characterisation, the deposits were 
machined from the substrate and sectioned. The sectioned samples were 
ground using 240-grit to 1200-grit emery papers, and subsequently 
polished using liquid diamond suspensions down to 1 μm and finally 
with colloidal silica suspension. A Zeiss SUPRA 55-VP FEGSEM equip
ped with an electron backscatter diffraction (EBSD) detector from Ox
ford Instruments was used to measure the grain size and texture. A step 
size of 2.5 μm was used to collect the EBSD data, unless otherwise stated. 
The grain size measurements were performed using the circle equivalent 
diameter generated by the HKL Channel 5 software. Moreover, for the 
convenience of comparison, the maximum multiple of uniform density 
(MUD) value for the pole figures was set to 8.0. XRD scans were con
ducted using an X’Pert Pro MRD XL X-ray diffractometer over a 2θ range 
of 20◦ to 100◦. 

2.4. Mechanical testing 

Hardness measurements were performed with a Struers 

Microhardness tester equipped with a Vickers indenter by applying a 
500 gf load and dwell time of 15 s. The reported hardness value repre
sents the average of ~10 indents per condition. IN718 and IN718/TiB2 
samples with dimensions of 12 × 12 × 50 mm3 were machined from the 
deposition plate. Sections were taken both vertical and horizontal to the 
build direction and were sized to tensile test samples (12.5 mm in gauge 
length and 3 mm in width) using wire-EDM as per the ASTM E8 standard 
(Fig. 2c). Uniaxial tensile tests were conducted at room temperature 
under a nominal strain rate of 1 × 10− 3 s− 1 using a ±100 kN Instron 
servohydraulic universal testing unit equipped with Bluehill 3 software. 

Table 2 
Chemical composition of feedstock IN718 powders.  

Element Ni Cr Nb Mo Al Ti Mn Si C Fe 

Wt % 53.19 18.2 5.04 3.07 0.54 0.96 0.04 0.06 0.05 Bal  

Fig. 1. (a) SEM images of IN718 powders and (b) their size distribution.  

Table 3 
DED deposition parameters.  

Power Scan 
Speed 

Hatch 
Spacing 

Layer 
Thickness 

Flow 
Rate 

Linear Energy 
Density 

(W) (mm/s) (mm) (mm) (g/min) (J/mm) 

500 6.3 0.95 0.48 12 78.74 High 
Energy (HE) 

350 10.6 0.60 0.28 12 33.08 Low 
Energy (LE)  
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A video extensometer with a 100 mm axial field-of-view was used to 
measure the strain. At least three specimens were tested per condition to 
obtain the average tensile properties. 

3. Results 

3.1. Grain refinement 

SEM micrographs of TiB2 particles with characteristic size of d90 = 1 
μm, d90 = 10 μm and d90 = 40 μm are shown in Fig. 3a, b and c, 
respectively. The corresponding micrographs of feedstock IN718 pow
ders mixed with the TiB2 powders are shown in Fig. 3d, e and f. Fig. 3d 
shows that the TiB2 powders of d90 = 1 μm agglomerated during the ball 
milling and they were not evenly distributed over the surface of the 
IN718 powders. For the larger powder (d90 = 40 μm), TiB2 did not attach 
to the IN718 powders, Fig. 3f. In contrast, the TiB2 powders of d90 = 10 
μm attached reasonably well to the IN718 powders (Fig. 3e), resulting in 
a uniform distribution of TiB2 particles on the surface of the feedstock 
powder. Therefore, the TiB2 powders with the characteristic size of d90 
= 10 μm were chosen for the following study. 

Fig. 4a and c represent the EBSD inverse-pole-figure (IPF) maps of 
the High and Low Energy samples. The grain size distribution was 
analysed to derive the area-weighted fraction (Af ) and the data are 
plotted in Fig. 4e. Af represents the area occupied by a specific grain size 
range and 10 μm increments have been used to separate the grains. For 
example, the area-weighted fraction of grains with typical sizes of be
tween 0 and 10 μm is calculated as follows: 

Af (0− 10) =
Σ(Area of grains with size 0 μm – 10 μm)

Total Area
(1) 

Large columnar grains with size of >300 μm (circle equivalent 
diameter) can be observed in both the High and Low Energy deposits. 
The High Energy IN718 microstructure exhibits a higher fraction with 
~22% of the area occupied by columnar grains of >300 μm when 

compared to ~10% in the Low Energy IN718, Fig. 4e. 
The {100} pole figure exhibits the highest MUD value of 7.9 in High 

Energy IN718 as opposed to 5.2 in the Low Energy IN718, Fig. 4b and d. 
Both the {111} and {110} pole figures have a relatively weak texture 
when compared to the {100}; henceforth the {100} pole figures are used 
throughout the work. The pole figures presented here are based on 
analysis of >3000 grains; hence, the texture interpretation is statistically 
significant. 

EBSD IPF maps of the IN718/TiB2 deposits are shown in Fig. 5a to f, 
with the corresponding pole figures illustrated at the bottom right 
corner of each IPF map. Fig. 5a, b and c show the EBSD IPF maps of High 
Energy IN718/TiB2 deposits with TiB2 content of 0.5 wt%, 1.5 wt% and 
2.5 wt%, respectively. Corresponding images for the Low Energy IN718/ 
TiB2 are shown in Fig. 5d, e and f. The grain size distribution of High and 
Low Energy IN718/TiB2 is shown in Fig. 5g and h, respectively, with the 
results of High and Low Energy IN718 included for the purpose of 
comparison. The lowest concentration of inoculant studied (0.5 wt%) 
did not induce grain refinement (Fig. 5a and d). For both the High and 
Low Energy IN718/TiB2 deposits, significant grain refinement can be 
seen when the TiB2 content is ≥ 1.5 wt % (Fig. 5b–c and Fig. 5e–f). 
Additionally, the {100} pole figures indicate that the texture in the High 
and Low Energy IN718/TiB2 deposits becomes weaker with the TiB2 
addition of ≥1.5 wt%. 

The grain size distributions in Fig. 5g and h show consistently higher 
area fraction of grains with size of <100 μm in both the High and Low 
Energy IN718/TiB2 compared to the IN718 deposits. Fig. 6 compares the 
percentage area occupied by small grains (<20 μm) and large grains 
(>300 μm) for different TiB2 contents. For the High Energy deposits, the 
TiB2 content increased the area occupied by smaller grains (<20 μm), 
while the area occupied by the large grains (>300 μm) was reduced from 
~22% to ~3%. The area occupied by small grains (<20 μm) increased 
from 4.6% to 45% in Low Energy IN718/TiB2 deposits. The large grains 
(>300 μm) were completely avoided in Low Energy IN718/TiB2 deposits 
when the TiB2 content was ≥1.5 wt%. Therefore, the rest of the paper 

Fig. 2. Schematics showing (a) DED build process; (b) the observation plane for EBSD analysis; and (c) the tensile specimen extraction locations with respect to the 
DED fabricated sample blocks; all dimension units are in mm. 
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focusses on the IN718/TiB2 deposits with 1.5 wt% TiB2, unless otherwise 
stated. 

Unfortunately, the Low Energy IN718/TiB2 deposits with TiB2 con
tent of ≥1.5 wt% and with powder flow rate of 12 g/min caused 

interlayer defects, as shown in Fig. 7a and b. The EDS point analysis 
(Point 1 in Fig. 7b) shows a high Ti peak (Fig. 7c), suggesting the 
presence of unmelted TiB2 particles within the interlayer defects. In 
comparison, Ti peaks were not observed in the Low Energy IN718/TiB2 

Fig. 3. TiB2 powders with size of (a) d90 = 1 μm, (b) d90 = 10 μm and (c) d90 = 40 μm, respectively; the corresponding TiB2 decorated feedstock powders with 1.5 wt 
% TiB2 with particle size: (d) d90 = 1 μm (e) d90 = 10 μm (f) d90 = 40 μm. 

Fig. 4. As-deposited IN718 grain orientation maps and {100} pole figures: (a) and (b) for High Energy deposits; (c) and (d) for Low Energy deposits; (e) grain size 
distribution in High and Low Energy IN718 deposits. 
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matrix (Point 2 in Fig. 7b). The lower energy density likely results in the 
reduced melt pool temperature and thereby increased viscosity of the 
melt pool. A highly viscous melt pool reduces wettability, causing the 
melt to spheroidise and limiting its flow across the underlying surface 
[46]. This leads to interlayer pores and is generally referred to as the 
‘balling effect’ [47]. Discontinuous scan tracks form due to the balling 
effect and large interlayer pores form as the next layer is deposited. 
Furthermore, the balling effect prevents the uniform deposition of the 
fresh powder on the previous layer, resulting in poor interlayer bonding. 
Therefore, it can be inferred that in the Low Energy IN718/TiB2 de
posits, the energy density was not sufficiently high to produce a melt 
pool with low viscosity to prevent the balling effect. This was the reason 
for the formation of interlayer defects. 

Instead of increasing the linear energy density via changing laser 
power or scan speed, an alternative method was adopted in the present 
work to improve the densification in the Low Energy IN718/TiB2. Here 

the powder flow rate was reduced from 12 g/min to 6 g/min, while 
keeping all other parameters the same. Thus, an unchanged linear en
ergy density enabled comparison with Low Energy IN718. Upon 
reducing the flow rate, the number of powder particles fed in the melt 
pool per unit time is expected to be lower. By doing so, the laser energy 
experienced by individual powders should be higher, which helped to 
reduce the viscosity of the melt pool. 

Fig. 8a–f show SEM micrographs and corresponding EBSD IPF maps 
of the Low Energy IN718/TiB2 deposits using powder flow rate of 8 g/ 
min, 7 g/min and 6 g/min. Fig. 8g and h show plots revealing the effect 
of powder flow rate on the grain size distribution and area percentage of 
defects. The deposit with a flow rate of 12 g/min exhibited ~2.5% de
fects, which decreased to <1.0% at a flow rate of 8 g/min (Fig. 8h). A 
fully dense deposit without interlayer defects was achieved with a flow 
rate of 7 g/min and below (Fig. 8b and c). Therefore, all the following 
Low Energy IN718/TiB2 deposits were produced with a flow rate of 7 g/ 

Fig. 5. EBSD maps of High Energy IN718/TiB2 deposited with (a) 0.5 wt% (b) 1.5 wt% and (c) 2.5 wt% TiB2; Low Energy IN718/TiB2 deposited with (d) 0.5 wt% (e) 
1.5 wt% and (f) 2.5 wt% TiB2; (g) and (h) showing their grain size distributions. The inset of each IPF-BD map presents the corresponding {100} pole figures. HE: 
High Energy (El = 78.74 J/mm), LE: Low Energy (El = 33.08 J/mm). 
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min to achieve the desired densification, unless otherwise stated. The 
IPF maps in Fig. 8e and f show that grains became coarser as the flow 
rate was reduced below 8 g/min. The area fraction of the small grains 
(<20 μm) decreased with the decreasing flow rate, which was accom
panied by the higher fraction of grains with size of >100 μm, Fig. 8g. 

3.2. Phase evolution 

The detailed microstructure of IN718 is compared with IN718/TiB2 
in Fig. 9a–e, and micro-hardness is compared in Fig. 9f. Both the High 
and Low Energy IN718 deposits contain an inter-dendritic network of 
Laves phase, as revealed by the bright contrast phase in Fig. 9a and c, 
which is typical of AM IN718 [3,4]. Laves phase is formed as a result of 

Fig. 6. Percentage of total grain area occupied by small grains (<20 μm) and large grains (>300 μm) in IN718 and IN718/TiB2 deposits. HE: High Energy (El =

78.74 J/mm), LE: Low Energy (El = 33.08 J/mm). 

Fig. 7. (a) Low Energy IN718/TiB2 deposits with 1.5 wt% TiB2 and flow rate of 12 g/min having interlayer defects; (b) a higher magnification view showing the EDS 
points; (c) the corresponding EDS spectrum of point 1 showing unmelted particles exhibiting sharp Ti peak in comparison with (b) EDS spectrum of the IN718/TiB2 
matrix as collected from point 2. 

R. Sarkar et al.                                                                                                                                                                                                                                  



Materials Science & Engineering A 885 (2023) 145617

8

rapid solidification where elements, such as Nb and Mo with low 
partition coefficient, segregate to the last remaining liquid in the 
inter-dendritic region. It is known that the Laves phase is detrimental to 
tensile ductility of IN718 [2]. The microstructure of High and Low En
ergy IN718/TiB2 as shown in Fig. 9b and d illustrates that the 
inter-dendritic ‘bright’ Laves phase as observed in the IN718 (Fig. 9a and 
c) is vastly reduced in terms of its size and area fraction. The reduced 
fraction of Laves phase particles was accompanied with the presence of 
needle-shaped and spherical precipitates in IN718/TiB2. Fig. 9e shows 
that these precipitates are distributed evenly within the matrix. The 
needle-shaped precipitates with a mean aspect ratio of ~3.5 have an 
area fraction of ~10% for the High Energy IN718/TiB2, which is 
reduced to ~5% in the Low Energy IN718/TiB2. By comparison, the 
spherical precipitates have <1% area fraction for both the High and Low 
Energy IN718/TiB2. Overall, TiB2 addition leads to a significant hard
ness increase from ~250 Hv in as-deposit IN718 (both Low and High 
Energy) to ~500 Hv in High Energy IN718/TiB2, and ~400 Hv in Low 
Energy IN718/TiB2 deposits, Fig. 9f. The lower content of the 
needle-shaped precipitates in the Low Energy IN718/TiB2 is correlated 
to the lower hardness when compared to the High Energy IN718/TiB2. 

Fig. 10a and b show the EDS elemental maps of the High and Low 
Energy IN718/TiB2, respectively. The needle-shaped precipitates are 
rich in Cr, Mo, Nb and B elements, while there is Ti enrichment in the 
spherical precipitates. Similar observation was revealed by performing 
an EDS line scan, with the representative results given in Fig. 10c–e. The 
needle-shaped precipitate (Fig. 10d) exhibits Cr, Mo and Nb peaks, while 
a high Ti concentration is shown for the spherical precipitate (Fig. 10e). 

Fig. 11 compares the XRD spectra of High and Low Energy IN718/ 
TiB2 deposits as well as the High Energy IN718 deposit. The strong 
diffraction peaks corresponding to the face-centred-cubic (FCC) γ-phase 
are readily indexed for both the High and Low Energy IN718/TiB2 de
posits. For the IN718 deposit peaks of Laves phase are observed, which is 
consistent with literature data [48]. These peaks are absent in both the 
High and Low Energy IN718/TiB2. This finding correlates with the 
reduced Laves phase as revealed by SEM imaging of Fig. 9a–e. Moreover, 
the High and Low Energy IN718/TiB2 deposits exhibit peaks indicating 
both the Cr3B4 and TiB2 phases (JCPDS database [04-003-6119] and 
[00-035-0741]). The TiB2 has a high peak intensity at the 2θ angle 
overlapping with the γ matrix; therefore, two characteristic peaks at 2θ 
angles of ~26◦ and ~35◦ were used to index the TiB2 phase (see the 

Fig. 8. SEM micrographs and EBSD IPF maps of Low Energy IN718/TiB2 deposits produced with varying powder flow rate: (a) and (d) 8 g/min; (b) and (e) 7 g/min; 
(c) and (f) 6 g/min; and plots showing the effect of powder flow rate on the grain size distribution (g) and area percentage of porosities (h). All the deposits were 
processed with a TiB2 content of 1.5 wt%. 
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figure inset). The presence of Cr3B4 peaks agrees well with the EDS 
elemental maps in Fig. 10a and b, in terms of showing the Cr and B rich 
needle-shaped precipitates in the IN718/TiB2 deposits. The XRD peaks 
of TiB2 confirm that the Ti-rich spherical precipitates, as shown in 
Fig. 10c, are the TiB2 particles that survived in the melt, having a 
reduced size. 

3.3. Tensile properties 

Representative engineering stress-strain curves for the DED IN718 
and IN718/TiB2 deposits using both the High and Low Energy process 
parameters are shown in Fig. 12a and c. For each sample condition, 
tensile tests were performed parallel (vertical: V) and perpendicular 
(horizontal: H) to the build direction to allow evaluation of the property 
anisotropy. Fig. 12b and d present the data in bar charts to aid com
parison of the yield strength, tensile strength, and elongation-to-failure. 
The bar charts represent the average values obtained from at least three 
tests per condition. Overall, there was a significant improvement in 
terms of the material strength in the IN718/TiB2 deposits in comparison 
with the IN718 alone; however, the ductility was drastically reduced. 
The material strength of IN718/TiB2 is comparable to the solution 

treated and aged DED IN718 [49]. 
Tensile strength and yield strength of the High Energy IN718-(V) 

specimens (i.e., parallel to the build direction) were higher than those of 
the High Energy IN718-(H) specimens (i.e., perpendicular to the build 
direction), Fig. 12a. In contrast, tensile ductility had the opposite trend, 
with the average elongation-to-failure of ~28% for the High Energy 
IN718-(H), while ~16% for the High Energy IN718-(V), Fig. 12b. 
Addition of TiB2 as an inoculant in the DED IN718 caused a yield 
strength increase ~400 MPa for the High Energy IN718/TiB2-(V) and 
~300 MPa for the High Energy IN718/TiB2-(H), respectively, but at a 
cost of tensile ductility, Fig. 12a. The elongation-to-failure reduced to 
~3% in the High Energy IN718/TiB2-(V) and ~5% for the High Energy 
IN718/TiB2-(H) specimens, Fig. 12b, which represents a significant 
ductility reduction when compared to the sample build without the TiB2 
addition. 

For the Low Energy deposits, yield strength and tensile strength of 
Low Energy IN718-(H) specimens were higher than those of the Low 
Energy IN718-(V) specimens. However, the tensile ductility had mar
ginal difference between the two test directions. An increase of ~500 
MPa and ~400 MPa of the yield strength was observed in the Low En
ergy IN718/TiB2-(V) and Low Energy IN718/TiB2-(H) specimens, 

Fig. 9. SEM images showing typical microstructures of IN718 with and without inoculants: (a) High Energy IN718; (b) High Energy IN718/TiB2; (c) Low Energy 
IN718 and (d) Low Energy IN718/TiB2; (e) high-magnification image of the High Energy IN718/TiB2 deposit showing the needle-shaped and spherical precipitates; 
(f) comparison of the average hardness values. HE: High Energy (El = 78.74 J/mm). LE: Low Energy (El = 33.08 J/mm). 
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respectively, compared to the respective Low Energy IN718 specimens. 
A significant drop in ductility due to the TiB2 addition was noted as 
represented by the reduced elongation-to-failure ~2% for both the Low 

Energy IN718/TiB2-(V) and Low Energy IN718/TiB2-(H) specimens, 
(Fig. 12b). 

Fig. 13a–i summarises the key observations of the SEM cross- 

Fig. 10. EDS elemental map for (a) High Energy IN718/TiB2, (b) Low Energy IN718/TiB2 deposits; (c) EDS line scan of LE-IN718/TiB2 deposit showing segregation 
of Cr, Mo, Nb and B at the needle-shaped precipitate in (d) and Ti segregation at the spherical precipitate in (e). 

Fig. 11. Comparison of the XRD spectra collected from the DED IN718 and IN718/TiB2 in both the High and Low Energy conditions. Figure inset is the enlarged view 
with diffraction angles ranging from 25◦ to 65◦. HE: High Energy (El = 78.74 J/mm). LE: Low Energy (El = 33.08 J/mm). 
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sectional view of the tensile fractured surface and the corresponding 
SEM fractography. In terms of the IN718 deposit, micro-cracks were 
frequently observed at the interface between the inter-dendritic Laves 
phase and the IN718 matrix (Fig. 13a and d, as well as their enlarged 
views in 13 b and Fig. 13e). By contrast, for the IN718/TiB2, a high 
density of micro-cracks appeared near the interface of the matrix and the 
needle–shaped precipitates (Fig. 13g and j), as well as their enlarged 
views in Fig. 13h and k). The high loads generated due to the 
strengthening effect of these needle–shaped precipitates were too high 
to be accommodated by the IN718 matrix. As a result, this led to the 
micro-crack initiation at the interface as indicated by arrows in Fig. 13h 
and k. The high density of micro-cracks is the likely cause of early failure 
in IN718/TiB2. For both the IN718 and IN718/TiB2 materials, the SEM 
fractography reveals typical ductile dimples. Occasionally, unmelted 
particles (possibly TiB2) were observed on the fracture surface. 

4. Discussion 

4.1. TiB2 as an inoculant for DED IN718 

The present investigation demonstrates significant grain refinement 
(Fig. 5a–h) and strengthening (Fig. 12a–d) in the IN718/TiB2 deposits 
(both High and Low Energy) compared to the corresponding IN718 
deposits. However, the secondary phases in IN718/TiB2 were signifi
cantly different from IN718 (Fig. 9a–e), suggesting a differing solidifi
cation sequence. The general solidification sequence of IN718 starts 
with formation of γ from the liquid (L → L + γ) and the solidification 
process terminates with the formation of γ + Laves eutectic [50–52]. 
During solidification, elements such as Nb, Mo and C can segregate, with 
Nb having the lowest elemental partitioning coefficient of k < 0.5; thus, 
the formation of Laves phase in the last solidified inter-dendritic region 
[53]. The presence of Laves phase is detrimental to tensile ductility in 
DED and L-PBF IN718 via micro-crack initiation and propagation [3,9]. 
Moreover, due to high cooling rates, the precipitation of γ′ and γ″ is 
suppressed in the as-built DED IN718 [12]. TiB2 addition seems to alter 
the solidification path, causing the formation of fine and distributed Cr-, 

Mo-, Nb- and B-enriched needle-shaped precipitates as opposed to the 
network of inter-dendritic Laves phase, Fig. 10a–e. These needle-shaped 
precipitates, along with the spherical TiB2, facilitate grain refinement in 
the IN718/TiB2 deposit and also help to preven the formation of an 
inter-dendritic Nb-rich Laves phase network by reducing the available 
Nb, Mo required for the Laves phase formation (Fig. 9a and c). 

The microstructural evolution from the premixed IN718/TiB2 pow
der to the bulk DED deposited material is illustrated by schematic dia
grams in Fig. 14a – Fig. 14c. The TiB2 particles are distributed evenly on 
the surface of feedstock IN718 powders after the ball milling (Fig. 14a). 
During the DED process, the high-temperature melt pool leads to the full 
or partial dissolution of the TiB2 particles, Fig. 14b and c. This agrees 
well with the SEM observation as shown in Fig. 10c and e, revealing the 
presence of Ti-rich spherical precipitates in the IN718/TiB2, and also 
with the XRD-based phase analysis (Fig. 11). For low TiB2 addition (0.5 
wt%), the TiB2 particles were almost all dissolved during the DED pro
cess, and the microstructure of the IN718/TiB2 sample resembles that of 
IN718 (Fig. 14d vs. Fig. 9a). For the higher TiB2 content (Fig. 14e and f), 
where the TiB2 particles were able to survive in the melt, the number 
density of the needle-shaped and spherical precipitates was significantly 
higher. 

The TiB2 addition primarily results in the formation of needle-shaped 
precipitates rich in Cr, Nb, Mo and B, along with the lesser amount of Ti 
and B enriched spherical precipitates. These precipitates act as the 
heterogeneous grain nucleation sites, resulting in the refined micro
structure and improved material strength. To generate effective grain 
refinement, there is a need to ensure the minimum TiB2 addition, which 
is 1.5 wt% for the present DED IN718/TiB2 deposits (both High and Low 
Energy). No further grain refinement was achieved when the TiB2 con
tent was increased from 1.5 wt% to 2.5 wt%. A similar observation was 
reported by Matysiak et al. [54] who investigated the effect of inoculant 
(CoAl2O4) concentration on the grain size of cast IN713C Ni-base su
peralloy. Significant grain refinement was observed upon using 5 wt% 
inoculant. However, when increasing the inoculant concentration from 
5 wt% to 10 wt%, only a minor improvement was noted. Agglomeration 
of the inoculant particles was found to be detrimental for the potency of 

Fig. 12. Engineering stress-strain curves for IN718 and IN718/TiB2 deposits tested in vertical (V) and horizontal (H) directions for (a) High Energy and (c) Low 
Energy deposits. The average value of yield strength, tensile strength, and the elongation-to-fracture for each sample condition are summarised in (b) High Energy 
and (d) Low Energy deposits. HE: High Energy (El = 78.74 J/mm). LE: Low Energy (El = 33.08 J/mm). 

R. Sarkar et al.                                                                                                                                                                                                                                  



Materials Science & Engineering A 885 (2023) 145617

12

the inoculants in providing grain refinement [55]. Liu et al. [56] and 
Yang et al. [57] observed that the potency of the inoculant particles as 
grain refiner reduced after reaching a critical value. In both studies, the 
authors related the reduced efficiency to the particle agglomeration. It is 
possible that TiB2 powder addition in the present study caused 
agglomeration of the TiB2 particles, and thereby limiting their role on 
effective grain refinement. Moreover, the latent heat evolution during 
the growth could have prevented further undercooling and nucleation, 
consistent with the work of Spittle et al. [58], who studied the role of 
inoculant on grain refinement in Al alloys. However, further work is 
required to provide a definite answer. 

4.2. Strengthening mechanisms and strength comparison with literature 
data 

The strengthening mechanisms of metal matrix composites that has 
been widely accepted in the literature are: 1) grain boundary strength

ening (σHall− Petch) [40,59]; 2) dislocation strengthening (σGND) [60,61]; 
3) Orowan strengthening (σOrowan) [62,63]; and 4) load transfer effect 
(σload) [59,61]. In this section, we have explored the possible strength
ening mechanisms in high-energy IN718/TiB2 in comparison to 
high-energy IN718 deposits. 

Grain boundaries can hinder movement of dislocations; thus, in
crease material strength. The Hall–Petch effect [64] is a very 
well-known strengthening mechanism that relates grain size to strength, 
described as follows: 

σHall− Petch = σ0 + kyd− 1/2 (2)  

where σ0 and ky are material constants, and d is the grain size. According 
to the EBSD results (Figs. 4 and 5), the average grain size reduced from 
31.4 μm to 23.8 μm as a result of TiB2 addition. The increase in yield 
strength due to grain refinement (ΔσHall− Petch) in the IN718/TiB2 deposit 
is estimated using Eq. (3) [40,59,60]: 

Fig. 13. SEM cross-sectional view of the fracture surface and SEM fractography: (a), (b) and (c) High Energy IN718-(V); (d), (e) and (f) High Energy IN718-(H); (g), 
(h) and (i) High Energy IN718/TiB2-(V); (j), (k) and (l) High Energy IN718/TiB2-(H). Micro-porosity arising from separation of Laves phase from the matrix in IN718 
and separation of the needle-shaped and spherical precipitates from matrix in IN718/TiB2 are indicated by arrows. HE: High Energy (El = 78.74 J/mm). 
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ΔσHall− Petch = ky(d
− 1

2
IN718 − d− 1

2
IN718/TiB2

⎞

⎟
⎠ (3) 

The value of ky was reported as 1260 MPa√μm in Refs. [65,66] and 
750 MPa√μm [40,67] for IN718. Thus, the upper and lower limits for 
the strength increment due to grain size reduction are estimated as ~35 
MPa and ~20 MPa, respectively. 

For MMCs, residual plastic strain is caused by the difference in the 
coefficients of thermal expansion (CTE) between the matrix and parti
cles and results in the increase in geometrically necessary dislocations 
(GNDs) [25,61]. The contribution of GNDs to yield strength can be 

calculated using the following expression [40,60]: 

σGND = βGb
(

̅̅̅̅̅̅̅̅̅̅ρGND
√

)
(4)  

where G and b are the shear modulus and the length of Burgers vector of 
the IN718 matrix. Values of G = 76.9 GPa and b = 0.26 nm were re
ported in Ref. [68]. β is a constant with value of 1.25 for IN718 from 
Kong et al. [40]on L-PBF IN718. Using Eq. (5), which compares the 
IN718/TiB2 with the IN718 alone, the strengthening effect due to 
additional GNDs as observed in the IN718/TiB2 deposit can be 
evaluated: 

Fig. 14. Schematic diagrams showing the effect of TiB2 on the solidification path: (a) ball milling, (b) melting and (c) solidification; SEM micrographs for High 
Energy-IN718/TiB2 with TiB2 content (d) 0.5 wt%, (e) 1.5 wt% and (f) 2.5 wt%. 

Fig. 15. EBSD maps for High Energy deposits: (a) and (d) band contrast maps; (b) and (e) IPF maps; (c) and (f) local misorientation maps for High Energy-IN718 and 
High Energy-IN718/TiB2, respectively; (g) comparison of the local misorientation distributions. HE: High Energy (El = 78.74 J/mm). 
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ΔσGND = σIN718/TiB2
GND − σIN718

GND (5)  

ρGND in Eq. (4) denotes the density of GNDs as estimated from the EBSD 
local area misorientation map. For constructing the local area misori
entation maps, EBSD scans were performed using a fine step size of 0.15 
μm. The local misorientation maps for the IN718 and IN718/TiB2 de
posits are shown in Fig. 15c and f. The respective band contrast and IPF 
maps are shown in Fig. 15a and b for IN718, while Fig. 15d and e display 
those for IN718/TiB2. Fig. 15g compares the distribution of the local 
misorientations between the two conditions, i.e., with and without the 
TiB2 addition. 

The average value of the local misorientation increased from 0.164◦

to 0.266◦, Fig. 15g, indicating a significant difference between the 
IN718/TiB2 and IN718 deposits (Fig. 15f vs. Fig. 15c). It is also evident 
that the high local misorientation region coincides with the secondary 
phases in the IN718/TiB2 deposits (comparing Fig. 15d and f), indicating 
the local lattice distortion in the vicinity of the precipitates. Therefore, it 
can be inferred that the micro-segregation due to TiB2 addition led to 
increased GNDs in the IN718/TiB2 deposits. The GND density was 
calculated from the average misorientation angle using Eq. (6) [69]: 

ρGND =
aθ
bu

(6)  

where θ is the average value of local misorientation, and a is a constant 
with a value of 3 [69,70]. u is the distance between the misoriented 
points which is the “step size” of the EBSD map. It is important to note 
that, unlike geometrically necessary dislocations (GNDs), the statisti
cally stored dislocations (SSDs) do not produce observable lattice cur
vature, rendering them indiscernible through EBSD measurements [69]. 
Therefore, GND density based on EBSD measurements were used in our 
calculation. Similar approach of using EBSD measurements to estimate 
the increased dislocation density due to the CTE mismatch was per
formed by AlMangour et al. [25] on SLM processed TiB2 strengthened 
316L stainless steel. Using Eq (6) the value of ρGND was calculated as 
~3.65 × 1014 m− 2 for IN718/TiB2 deposits, which is higher than ~2.25 
× 1014 m− 2 for the IN718 deposit. The contribution of increased GNDs to 
the strength increment of IN718/TiB2 (ΔσGND) is thus estimated to be 
~100 MPa using Eq (5). 

The needle-shaped precipitates in IN718/TiB2, as observed in Fig. 9b 
and d can produce a pinning effect on dislocation motion, and additional 
shear stress is needed to allow dislocations to by-pass the precipitates. 
This is the Orowan strengthening effect, and its contribution to the 
material strength can be estimated using Eq (7) [61,71,72]. 

ΔσOrowan =
0.4GbM

π(1 − ν)
1
2λ

ln

̅̅
2
3

√
dp

b
(7) 

ν = 0.28 is Poisson’s ratio, and λ is the interparticle spacing with the 
value calculated to be 595 nm using Eq (8) [40,72]: 

λ=
̅̅̅
2
3

√

dp

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅π
4Vp

− 1
√ )

(8)  

where dp is the average particle diameter, and Vp is the volume fraction 
of the needle-shaped precipitates. The values of dp and Vp was deter
mined as 289 nm and 0.11, respectively. To determine the values of dp 

and Vp, measurements were performed on 4–6 SEM images like the one 
shown in Fig. 9e, and the dp value was measured by considering the 
average width of the needle-shaped precipitates. The yield strength 
increment due to Orowan strengthening mechanism is estimated as 
~106 MPa. 

Load transfer effect is another common strengthening mechanism in 
MMCs. The strong interfacial bonding between the secondary phase and 
matrix can contribute to the transfer of the load applied from the soft 
matrix to the hard reinforcements. Assuming well-bonded and spherical 
particles for simplicity, the contribution of load transfer effect to the 

strengthening of IN718/TiB2 can be represented as [40,61,62]: 

Δσload = 0.5Vpσm (9)  

where Vp = 0.11 is the volume fraction of the strengthening particles and 
σm is the yield strength of the matrix, and its value is considered to be the 
same as the yield strength of the IN718. Thus, the contribution of Δσload 
to the strengthening of IN718/TiB2 is estimated as ~30 MPa. 

TiB2 addition to IN718 processed by DED results in substantial 
improvement of hardness (Fig. 9f) and tensile strength (Fig. 12). The 
overall contribution of all these strengthening mechanisms towards the 
increment of yield strength (Δσ) at room temperature can be obtained 
using the summation method [24,40]. This approach is commonly uti
lized to analyse the increase in yield strength of metal matrix compos
ites, considering different strengthening mechanisms. For instance, 
Kong et al. [40] applied this method to analyse the yield strength 
enhancement in IN718 alloy strengthened with TiAl2C fabricated using 
DED. Similarly, Wang et al. [60] and Li et al. [24] employed this tech
nique to study the yield strength improvement in 316L stainless steel 
reinforced with TiN and AlSi10Mg alloys reinforced with TiB2, respec
tively, both processed through LPBF. The summation method predicts 
the strength of metal matrix composites using simple arithmetic sum, 
assuming the individual strengthening mechanisms to be independent, 
as shown in Eq (10). 

Δσ =ΔσHall− Petch + ΔσGND + ΔσOrowan + Δσload (10) 

The value of Δσ was calculated as ~260 MPa, which is lower than the 
yield strength difference of the IN718 and IN718/TiB2, as measured 
experimentally (Fig. 12b), ~400 MPa with loading axis parallel to build 
direction, and ~300 MPa with loading axis perpendicular to build di
rection. Hence, the strengthening mechanisms considered in this section 
do not account for actual strength increment in IN718/TiB2. It is possible 
that other strengthening mechanism(s), such as grain boundary 
strengthening by Boron, solid solution strengthening is contributing to 
the increased strength in IN718/TiB2, that is hard to analytically ac
count for or to quantify using the characterisation techniques employed 
in the current investigation. In their study, Kontis et al. [73] employed 
atom probe tomography (APT) and high-resolution secondary ion mass 
spectroscopy (SIMS) to investigate the grain boundary nature of poly
crystalline superalloy due to Boron addition. Their findings revealed a 
uniform dispersion of boride particles along the grain boundaries, 
contributing to enhanced creep resistance in the examined superalloy. 
Furthermore, the ongoing investigation considers solely the contribu
tion of geometrically necessary dislocations (GNDs). A more compre
hensive assessment of the yield strength enhancement due to the 
addition of TiB2 could potentially be achieved by incorporating the total 
dislocation density, considering both geometrically necessary disloca
tions (GNDs) and statistically stored dislocations (SSDs). Therefore, 
further investigation is needed for determining the strengthening 
mechanism of IN718/TiB2. Moreover, the current investigation explores 
the mechanical properties of IN718 and IN718/TiB2 in the as-deposited 
condition. Therefore, the effect of coherent strengthening effect due to 
the γ′ and γ″ precipitates have not been explored. 

There exist several other models for predicting the yield strength 
increment in metal matrix composites combining the impact of these 
strengthening mechanisms. The Clyne model [61] predicts the yield 
strength by employing a root mean square method to combine the 
strengthening mechanisms, assuming interdependence among them. 
The Ramakrishnan model [74] incorporates the increased dislocation 
density due to thermal mismatch and load transfer effects caused by 
reinforcement particles to predict yield strength. The Zhang and Chen 
[63] model further builds upon the Ramakrishnan model by incorpo
rating the effects of Orowan strengthening, load transfer effects, and 
dislocation strengthening to predict the yield strength of MMCs. 

Sahoo et al. [2], conducted a comprehensive comparison of different 
yield strength prediction models to interpret the mechanisms behind the 
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enhanced yield strength observed in Aluminium 7075 metal matrix 
composites reinforced with submicron-TiB2 particles. The results of their 
study revealed that the Ramakrishnan model and the Clyne model 
exhibited comparable results, both showing significant un
derestimations in predicting the rise in yield strength, particularly when 
the volume fraction of the reinforcing particles exceeded 0.5 vol%. On 
the contrary, the summation model and the Zhang-Chen model dis
played a closer alignment with the experimental data, when the volume 
fraction of the reinforcing particles surpassed 0.7 vol%; however, still 
below the experimental observations. Sanaty-Zadeh [62] conducted a 
comparison of different yield strength prediction models, comparing 
their outcomes with data available in existing literature. The study 
revealed that the Clyne method demonstrated the closest alignment with 
the experimental data derived from the literature. In contrast, the 
summation method was observed to consistently overestimate the yield 
strength predictions, while the Zhang and Chen method underestimated 
the actual yield strength values. It is important to note that the Ram
akrishna model and Zhang and Chen model do not take into account the 
complete spectrum of the strengthening mechanisms. Additionally, not 
all these strengthening mechanisms are interdependent, as assumed in 
the Clyne model. Moreover, when the reinforcing particles are 
sub-micron sized, as evident in this study, the reliability of the Clyne 
model may be doubtful [62]. Hence, the summation method is used in 
the present investigation as it offers a more suitable approach to 
approximate the increase in yield strength in the case of IN718/TiB2. 

Fig. 16 compares the tensile properties as observed in the present 
DED IN718 and IN718/TiB2 with those as reported in the literature, 
including IN718 processed by different AM processes (DED, L-PBF and 
EBM) [3,4,9,11,12,14,39,75–80] and cast and wrought IN718 (AMS 
standard 5662 N) data [81]. This data comparison also includes MMCs 
such as IN718/SiC [35], IN718/Ti2AlC [40], IN718/CoAl2O4 [36] and 
IN718/NbC [79]. All the data as summarised in Fig. 16 are from tensile 
tests where the loading direction was parallel to the build direction. The 
reason for the large variation in the yield strength and elongation is 
attributed to the deposition technique (DED, L-PBF) and the 
post-processing heat treatments. In the as-deposit condition, the yield 
strength of the AM IN718 varies from ~450 MPa to 800 MPa, while after 
the heat treatment, the yield strength is increased to ~1000 MPa–1250 
MPa. The higher strength in heat-treated conditions is always at the cost 
of reduced ductility. The high yield strength observed in High Energy 

IN718/TiB2-(V) from the current study is comparable to the wrought 
IN718 (AMS standard 5662 N) tested under heat-treated condition, 
despite being in an as-deposited condition. 

The yield strength of L-PBF IN718/CoAl2O4 [36] is ~300 MPa lower 
than that observed in the present study. However, IN718/CoAl2O4 ex
hibits a very high ductility. The tensile strength of the L-PBF IN718/NbC 
in the as-built condition [79] is ~820 MPa, which increases to ~1400 
MPa after the heat treatment; however, with a ductility reduction from 
~20% to ~6%. The yield strength of ~950 MPa achieved in the 
IN718/TiB2-(V) from the current study without any post-processing heat 
treatment is significantly higher than IN718 processed using various AM 
techniques and other IN718-based MMCs in the as-built condition. 
Therefore, the current investigation suggests an effective method to 
strengthen DED processed IN718 by adding 1.5 wt% TiB2. 

5. Conclusions 

The present work explores the use of TiB2 as an inoculant to fabricate 
IN718 via the blown-powder laser direct metal deposition (DED) pro
cess. The key findings in the as-deposit sample condition are summar
ised as follows:  

1) The addition of TiB2 to IN718 results in significant grain refinement 
and much reduced texture. Among the conditions investigated, a 
suitable TiB2 powder size was found to be d90 = 10 μm with content 
of 1.5 wt%. A TiB2 powder size of d90 = 1 μm or d90 = 40 μm results 
in agglomeration or detachment from the IN718 powder.  

2) The powder flow rate during the deposition process affects the 
densification of the low-energy deposits (El = 33.08 J/mm). Inter
layer defects are completely eliminated by reducing the powder flow 
rate from 12 g/min to 7 g/min.  

3) The TiB2 inoculant reduces the formation of large inter-dendritic 
Laves phase networks typical of DED IN718, by replacing it with a 
homogeneous distribution of Cr-, Mo-, Nb- and B-enriched needle- 
shaped precipitates. Under tensile loading, DED IN718 is subjected 
to micro-cracks initiated from the Laves phase, while for DED IN718/ 
TiB2 the micro-cracks appear at the interface between the needle- 
shaped precipitates and the matrix.  

4) IN718/TiB2 exhibits considerably higher hardness and improved 
tensile strength, at the cost of tensile ductility. Despite refined grains 

Fig. 16. Comparison of the tensile yield strength and ductility of the DED IN718 with and without the TiB2 as the inoculant, obtained in the present work, with the 
literature data. Abbreviations of STA, DA and HSA stand for solution treated and aged, directly aged, and homogenised solution treated and aged, respectively. 
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with random texture in the IN718/TiB2 deposit, anisotropy in tensile 
properties persists.  

5) The contribution of individual strengthening mechanisms showed 
that, the dislocation structure formation, and Orowan type 
strengthening related to the needle-shaped precipitates in IN718/ 
TiB2 were the key contributors to the increased strength of IN718/ 
TiB2 along with minor contributions due to grain refinement and 
load transfer effect. 
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