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Abstract
A metal matrix composite with Inconel 718 as the base metal and yttrium oxide 
(Y2O3) as the reinforcement particles was fabricated by the laser powder bed 
fusion technology. This paper presents a comprehensive study on the influence 
of the Y2O3 reinforcement particles on the microstructures and mechanical 
properties of the heat-treated printed composite. Complex precipitates formation 
between the Y2O3nanoparticles and the carbonitride precipitates were shown. 
The complex precipitates separated into individual Y2O3 and titanium nitride (TiN) 
nanoparticles after heat treatment. Nano-sized Y-Ti-O precipitates were observed 
after solutionization due to the release of supersaturated Y in the metal matrix. 
Grain refinement was also observed in the heat-treated composites due to the high 
number of nano-sized precipitates. After solutionizing and aging, the grain size of 
the Y2O3-reinforced sample is 28.2% and 33.9% smaller, respectively, than that of the 
monolithic Inconel 718  sample. This effectively reduced the segregation of Nbat 
the grain boundaries and thus, γ′ and γ′′ precipitates were distributed in the metal 
matrix more homogeneously. Combined with the increased Orowan strengthening 
from a significantly higher number of nano-sized precipitates and grain boundary 
strengthening, the composite achieved higher yield strength, and ultimate tensile 
strength (1099.3 MPa and 1385.5 MPa, respectively) than those of the monolithic 
Inconel 718 (1015.5 MPa and 1284.3 MPa, respectively).

Keywords: Laser powder bed fusion; Additive manufacturing; Inconel 718; Y2O3 
reinforcement; Heat treatment

1. Introduction
Fabricating metalmatrix composites (MMCs) with discontinuous reinforcements have 
beensteadily gaining interest over the years to improve existing materials and tackle 
new challenges. The MMCs usually have high modulus, strength, and stiffness, good 
fatigue properties, and high-temperature performance[1,2]. This is made possible due to 
the exceptional ability of the MMCs to combine the ductile and tough characteristics of 
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metals with the wear resistance, stiffness, and rigidness of 
ceramic materials. One of the prime material candidates 
to be used as the base metal is Inconel 718 (IN718) due 
to its excellent strength, ductility, and creep resistance at 
high temperatures[3]. Thus, the material is in high demand 
in the aerospace industry, presenting the need to further 
enhance its mechanical properties to widen its industry 
applications.

The traditional manufacturing methods for MMCs 
can be categorized into either solid-state or liquid-
state methods[4]. For solid-state methods, the alloying 
of individual components takes place by repeatedly 
welding and fracturing the raw powder, which takes a 
very long time to complete. Friction stir processing (FSP) 
is another promising solid-state method that is able to 
produce MMCs. However, this method is primarily used 
to produce surface composites[5,6] and requires extensive 
process optimization and simulation to understand 
the effects of those parameters on the homogeneity of 
the composite[7]. Liquid-state methods usually involve 
different ways of introducing the reinforcement particles 
into the liquid melt[8]. This can be done by simply adding 
the reinforcement particles into a molten metal followed 
by mechanical agitation such as stirring. The primary 
problems are to ensure the homogeneous dispersion of 
the particles within the liquid melt as well as to ensure 
good wettability between the reinforcement and the 
matrix, which can be challenging[9]. On the other hand, the 
liquid melt can also be infiltrated into a ceramic preform 
to manufacture MMCs[10]. However, the properties of 
the MMCs manufactured by this method depend on the 
characteristics of the preform, which requires monitoring 
the size, shape, and interconnectedness of the pores or cells. 
As such, it is often substantially complex and expensive to 
design and manufacture the preform[11].

It should also be noted that the final product from the 
traditional manufacturing methods usually has simple 
forms such as tube, sheet, or ingot. Due to the high strength 
of IN718, it is difficult and costly to produce complex parts 
from those simple forms. Fortunately, due to the excellent 
weldability of IN718, the material and its composites 
are suitable to be fabricated by additive manufacturing 
(AM), a method that has revolutionized the traditional 
manufacturing industry. In this study, laser powder bed 
fusion (LPBF) is utilized to fabricate IN718 MMCs to 
overcome the drawbacks of traditional manufacturing 
methods. For instance, the technology is well known for its 
ability to produce near-net shape products. Furthermore, 
homogeneously dispersed reinforcement particles could 
be achieved using the technology by making use of its 
short melt-pool lifetime and high cooling rate. However, 

despite the advantages of using AM for IN718 MMCs, the 
development of printed IN718 MMCs is quite recent and 
only limited to a few groups of researchers[12-15].

One of the most commonly used types of reinforcements 
is oxides due to several of their outstanding properties[16]. 
This paper presents a comprehensive microstructural and 
mechanical property study of the IN718 MMC reinforced 
with yttrium oxide (Y2O3). The study was done in heat-
treated MMC because IN718 must be heat treated to 
make use of its precipitation hardening characteristic. 
Thus, it is of utmost importance to understand the effect 
of the reinforcement particles on the different phases in 
IN718. Unfortunately, studies regarding the heat-treated 
IN718/Y2O3 material system have not been presented. 
There are only a handful of studies related to the heat 
treatment of oxide-reinforced Ni-based alloys[17,18] while 
most of the studies are for Fe-based alloys[19–21]. As such, 
this study will provide a comprehensive comparison of the 
microstructures and mechanical properties between the 
Y2O3-reinforced IN718 Ni-based alloys and the monolithic 
IN718 in the as-printed state as well as after each stage of 
the heat treatment. This study also showed the importance 
of heat treatment to the Y2O3-reinforced IN718 as the value 
added of the Y2O3 nanoparticles could not be showcased in 
the as-printed state.

2. Methods and materials
2.1. Powder preparation and LPBF process

Commercially available IN718 powder (20 – 63 µm) was 
purchased from Höganäs. The chemical compositions of 
the powder are listed in Table 1. The scanning electron 
microscopy (SEM) images of the IN718 and nano-
Y2O3 (30 – 100 nm) powder are shown in Figure 1A and B, 
respectively.

The reinforcement particles were mixed with the IN718 
powder using the Inversina 20L tumbler mixer for 8  h. 
The amount of reinforcement particles was 1 wt.%. Steel 
balls were added with a 1 – 3, ball-to-powder, ratio during 
mixing to enhance the dispersion homogeneity. A uniform 
mixture of powder was obtained as shown in Figure 1C. 
It can be seen that the Y2O3 particles were able to attach 
themselves to the surface of the IN718 powder particles.

The time needed for a homogeneous powder mixture 
was first determined visually using a camera by observing 
the mixture after 2, 4, 6, and 8  h of mixing as shown 
in Figure 2A-D. It was observed that the white Y2O3 
nanoparticles were still agglomerated after 2 h of mixing. 
As the mixing time increased, the nanoparticles were 
distributed more homogeneously in the mixture, and they 
were no longer in large clusters after 6  h and were fully 
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blended with the IN718 powder after 8  h. The resultant 
homogeneously mixed powder was then examined under 
SEM. The white Y2O3 nanoparticles were observed on 
the surface of all the IN718 powder particles as shown 
in Figure 2E. The chemical compositions of the white 
nanoparticles at 15 distinct locations were analyzed using 
energy dispersive X-ray (EDX) and the average wt.% of the 
major elements is listed in Table 2. The presence of Y and 
O was detected, further confirming the nanoparticles to 
be Y2O3.

The samples were printed using the ProX300 machine 
(3D Systems) using 50 µm hatch spacing and 40 µm layer 
thickness. As referenced from our previous works[22,23], 
after extensive process parameters optimization, the 
optimal laser power and scan speed are listed in Table 3. 
A fiber laser, with a 1070 nm wavelength and 75 µm spot 
size, was used. An island printing strategy was employed, 
with each island being a hexagon with a 25000 µm radius. 
The scanning tracks were rotated 90° for each consecutive 
layer.

2.2. Heat treatment profiles

All the samples were solutionized and aged in a vacuum 
tube furnace (Lenton, UK). The solutionizing treatment for 
tensile specimens was carried out at 1075°C at a heating up 
rate of 15°C/min, held for 1 h, followed by furnace cooling 
at a rate of 10°C/min. The aging treatment of the samples 
was also carried out in a vacuum tube furnace at a heating 
rate of 10°C/min to 720°C, held for 8 h, followed by furnace 
cooling at a rate of 10°C/min to 620°C, held for another 
8 h, followed by furnace cooling at a rate of 10°C/min to 
room temperature. This aging treatment profile is similar 
to the one used in other studies[24-27].

However, to understand the reasons behind the 
differences in the mechanical properties of the samples 
after aging treatment, all the samples were also subjected to 
solutionizing treatment at 1275°C using the same heating 

rate, holding time, and cooling rate as the solutionizing 
treatment at 1075°C before aging. The percentage of the 
area occupied by the γ′ and γ′′ precipitates is calculated 
using the ImageJ software. The samples are labeled as 
shown in Table 4. The heat treatment profiles are shown 
in Figure 3.

2.3. Material characterization

The samples were ground and polished along the building 
direction using the typical procedure. Microstructural 
analysis was carried out after the samples were etched 
with Kalling’s No. 2 reagent. The SEM of theY2O3 sample was 
prepared by dispersing the powder in ethanol and drop-cast 
into a Si substrate. Imaging and energy dispersive X-ray 
(EDX) analyses were carried out using the field emission 
scanning electron microscope (FESEM) JEOL-JSM-
7600F and the Ultra Plus FESEM from Carl Zeiss FESEM 
machines. The printed samples were wire-cut into tensile 
coupons with dimensions with a gauge length of 14 mmas 
shown in Figure 4. Tensile testing was carried out using the 
INSTRON 5982 machine, at a strain rate of 0.01/sat room 
temperature. The tensile direction was perpendicular 
to the building direction. The chosen dimensions and 
processing parameters of the tensile coupons would result 

Table 1.Chemical compositions (wt.%) of IN718 powder

Ti Nb Mo Cr C B P Ni Fe O N Si S Mn Al Co

0.73 5.33 3.03 18.6 0.01 0.014 0.002 54 Bal. 0.03 0.16 0.51 0.002 0.18 0.39 0.02

Table 2. Chemical compositions (wt.%) of the white 
nanoparticles in the powder mixture after 8 h of mixing

O Cr Fe Ni Y

5.46±1.54 19.06±1.08 17.61±0.79 47.95±1.87 9.91±1.51

Table 3. Laser power and scan speed for the LPBF process of 
IN718 samples

Reinforcement Laser power (W) Scan speed (mm/s)

Nil 238 1000

1 wt.% Y2O3 260 1000

Figure 1. Scanning electron microscopy (SEM) images of IN718 (A) and nano-Y2O3 (B). SEM image of IN718 mixed with nano-Y2O3 (C).
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in comparable or better mechanical properties than those 
reported by other literature as shown in our previous study 
Luu et al.[22].

The grain size was calculated using the line intersection 
method. The width and length of the grains would then be 

calculated by dividing the length of the line by its number 
of intersections. The diameter of the grain would then be 
equal to the diameter of the circle that has the same area as 
the width × length.

The size distributions of the precipitates were measured 
using the ImageJ software. Multiple SEM images were 
taken and the size of the precipitates in the images was 
measured. The volume fraction, fp, of the precipitates in the 
samples was measured using Equation I.
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Where dp is the mean diameter of the precipitates, Np is 
the number of precipitates in a given area, and A is the area 
of the given area.

3. Results and discussion

3.1. Microstructures of as-printed samples

SEM images comparing the microstructures of as-printed 
samples are shown in Figure 5A and B. The microstructures 
of both samples consist of a white color phase with a 

Figure  2. Photos of the powder mixture after 2(A), 4(B), 6(C), and 
8(D) hours of mixing. SEM image of the powder mixture after 8  h of  
mixing (E).

Figure 3. Solutionizing (A) and aging (B) profiles.

Table 4. Labeling of IN718 and the composite samples

Sample ID Heat treatment Reinforcement

AP-0 As-printed Nil

AP-Y Y2O3

1075-0 Solutionized at 1075°C Nil

1075-Y Y2O3

1075A-0 Solutionized at 1075°C+Aged Nil

1075A-Y Y2O3

1275A-0 Solutionized at 1275°C+Aged Nil

1275A-Y Y2O3

DC

BA

E

BA
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long chain morphology and several nano-sized particles 
distributed throughout the microstructures. EDX analysis 
of sample AP-Y (Figure 5C) shows that the long chain 
phase consists of primarily Nb and Mo. On the other hand, 
the nano-sized particles are made up of primarily Ti, N, 
and Nb.

According to the phase transformation route during 
solidification of IN718, which is L ⇒ L + γ ⇒ L + γ + 
NbC ⇒ L + γ + NbC + Laves[28], the Laves phase is the last 
phase to form when there is a high concentration of Nb 
and Mo in the liquid melt due to the low solubility limit 
of these elements in IN718[29]. Due to the long chain phase 

Figure 5. Scanning electron microscopy images of the microstructures of samples AP-0 (A) and AP-Y (B). EDX analysis of the phases in sample AP-Y (C).

Figure 4. Dimensions of the tensile coupons used. The building direction is pointing out of the page.
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having high concentrations of Nb and Mo, it is identified 
to be Laves phase. This phase is usually located in the 
interdendritic region after solidification[30]. Consequently, 
the nano-sized particles are identified to be NbC carbide 
precipitates. Even though element C is difficult to index, 
the identification of the phase is further supported by the 
presence of elements Ti and N in the precipitates. This 
is because the pre-existing TiN in the melt often acts as 
nucleation sites for the NbC precipitates due to favorable 
lattice match[31]. Due to the presence of both C and N in 
the precipitates, they are also referred to as carbonitride 
precipitates. Moreover, Figure 5C shows that the Y2O3 
nanoparticles are segregated at the interdendritic regions 
where the Laves phase is usually located.

The distributions of particle size in all as-printed samples 
are shown in Figure 6. It can be seen that the addition 
of the reinforcement particles increases the size of the 
precipitates in the IN718 matrix, which reflects the results 
shown in our previous study that Y2O3 nanoparticles have 
a high tendency to combine with the existing carbonitride 
precipitates and increase in size[23]. The majority of the 
precipitates in sample AP-0 are in the range of 45 – 65 nm 
in diameter while it is 55 – 95 nm in diameter in sample 
AP-Y as shown in Figure 6A. Furthermore, the cumulative 
percentage graph of sample AP-0 is always above that 
of sample AP-Y as shown in Figure 6B. This shows that 
at any particular particle diameter size, there is a higher 
proportion of precipitates in sample AP-0 that are smaller 
than and equal to that diameter size. The specific d10, d50, 
d90, and the mean particle diameter, dp, values of the size of 
the precipitates are listed in Table 5.

3.2. Microstructures of printed samples after 1075°C 
solutionized and aged

Both monolithic and Y2O3-reinforced samples solutionized 
at 1075°C are deeply etched to reveal their microstructures 
as shown in Figure 7. It can be seen that the grain structures 
of both samples consist of mostly columnar grains with 
some equiaxed grains distributed throughout, both after 
solutionizing and after aging treatments. The optical 
micrographs also reveal that the grains’ interior (in between 
the black dashed lines that indicate the grain boundaries) 
of the samples after aging (Figure 7B and D) is darker than 
that of the samples before aging (Figure 7A  and C).

SEM analysis in Figure 8 shows that the grains’ interior 
consists of numerous precipitates either arranged in 
straight lines or randomly distributed. Since a higher 
number of these precipitates are observed in both 
samples after aging, the darker grains’ interior observed 
in Figure 7 corresponds to this increase in precipitate 
formation. SEM analysis reveals that the Laves phase at the 
grain boundaries (as indicated in Figure 8) has a discrete 
and blocky morphology. This phenomenon is observed in 
both the monolithic IN718  sample (Figure 8A) and the 
composite (Figure 8C). However, the morphology of the 
Laves phase does not change significantly after aging as 
shown in (Figure 8B and D). It should be noted that the 
grain boundaries Laves phase in both samples 1075-0 
and 1075A-0 appears to be larger and more concentrated 
compared to samples 1075-Y and 1075A-Y.

A closer look using SEM shows that the interdendritic 
Laves phase transforms from a straight, long-chain, and 
continuous morphology (Figure 5A and B) to also a discrete 
and blocky morphology after solutionizing treatment, 
similar to the one located at grain boundaries but smaller 
in size. The microstructures of both samples1075-0 and 
1075-Y (Figure 9) consist of mostly Laves phase and δ 
phase. The presence of the δ phase after solutionizing 
treatment is due to the following reasons. First, as Laves 

Table 5. Comparison of d10, d50, d90, and dp values of the size 
of the precipitates in the as‑printed samples

Sample ID d10 (nm) d50 (nm) D90 (nm) dp (nm)

AP-0 37.2 51.5 84.7 62.5

AP-Y 50.6 72.3 114.9 83.7

Figure 6. The size distribution (A) and the cumulative percentage (B) of the precipitates in the as-printed samples.
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phase dissolves during the heat treatment, the amount of 
Nb available in the matrix increases. This provides extra 
material for the formation ofδ phase, which has a chemical 
formula of Ni3Nb. Second, according to the TTT diagram 
of IN718, the δ phase starts to form at approximately 
980°C, which is below the solutionizing temperature. 

Due to the sample being furnace-cooled at the end of the 
solutionizing treatment, this provides extra time for the δ 
phase to form.

Further analysis of sample 1075-Y shows that multiple 
nano-sized precipitates can be observed near or embedded 
inside the Laves phase particles as shown in Figure 10A. 
Extensive analysis by line scan EDX shows that the 
compositions of the precipitates are a combination of Nb, 
Ti, Y, N, and O elements. The precipitates that are embedded 
in the Laves phase particles have 1 common trait, which is 
the presence of Ti and N in all of them, as shown in Region 
2 in Figure 10B and Region 1 in Figure 10D. On the other 
hand, Y may or may not be detected in those precipitates as 
shown in the presence of Y peak in Region 1 in Figure 10D 
but not in Region 2 in Figure 10B. However, it can also 
be seen that O can be detected in both cases of embedded 
precipitates, suggesting that Y could also be present but 
only in a minute amount. Most of the time, the precipitates 
that exist outside of the Laves phase have both Y and Ti as 
well as O, while N is not detected. This can be observed in 
Region 1 in Figure 10B and Region 2 in Figure 10D. Due to 
the lack of element N, these precipitates that are observed 
in sample 1075-Y are the Y-Ti-O complex precipitates that 
were reported in other literature[32,33].

However, the precipitate formation that is similar to the 
observed precipitates in sample AP-Y can still be found 
in sample 1075-Y as shown in Region 3 in Figure 10D. In 
addition, large Y2O3 particles and large TiN particles can 
be detected next to each other as shown in Regions 1 and 
2 in Figure 10C. As such, all these observations further 
support the conclusion made previously in which Y2O3 
nanoparticles have a high tendency to combine with other 
elements in the IN718 to form complex precipitates.

After the IN718/Y2O3 composite has been solutionized, 
two additional observations can be made. First, the 
presence of embedded precipitates within the Laves 
phase suggests that reprecipitation of Laves phase during 
cooling has occurred and trapped other precipitates within 

Figure 9. Scanning electron microscopy images showing the microstructures of samples 1075-0 (A) and 1075-Y (B).

BA

Figure  7. Optical micrographs of etched samples 1075-0 (A), 1075A-0 
(B), 1075-Y (C), and 1075A-Y (D). The black dashed lines indicate the 
grain boundaries.

Figure  8. Scanning electron microscopy images showing the 
microstructures of samples 1075-0 (A), 1075A-0 (B), 1075-Y (C), and 
1075A-Y (D). The yellow dashed lines indicate the grain boundaries.

DC

BA

DC

BA

https://doi.org/10.18063/msam.v1i4.24


Volume 1 Issue 4 (2022) 8  https://doi.org/10.18063/msam.v1i4.25

Y2O3 influence in heat-treated LPBF IN718 compositeMaterials Science in Additive Manufacturing

them. As Y2O3 has a high tendency to combine with Ti, 
these elements are often found together in the Laves 
phase. Second, the appearance of numerous nano-sized 
Y-Ti-O precipitates with diameters <100 nm suggests that 
those precipitates were formed during the solutionizing 
treatment. Shi et al.[34] observed a similar phenomenon in 
heat-treated Zr-containing ODS-FeCrAl in which nano-
sized Y-Al-O precipitates were formed during solutionizing 
treatment. The authors attributed this to the supersaturated 

state of Y in the matrix in the as-printed sample. When the 
as-printed sample is subjected to solutionizing treatment, 
the element Y is released, forming the observed nano-sized 
precipitates. Moreover, the absence of N in the complex 
precipitates when they are not embedded inside the 
Laves phase particle prevents the NbC shell from forming 
properly due to the lack of a favorable TiN nucleation site. 
Thus, the size of the complex precipitate is significantly 
smaller.

Figure 10. Scanning electron microscopy image showing precipitates (yellow arrows) present in the microstructure of sample 1075-Y (A). Line scan EDX 
(B–D) analysis showing the variation of chemical compositions (wt.%) across different precipitates in sample 1075-Y.
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The grain sizes of the printed samples after different 
stages of heat treatment are listed in Table 6. It can be seen 
that the grain size of the as-printed IN718/Y2O3 composite 
sample is slightly larger than that of the as-printed 
monolithic IN718  sample. The limited grain refinement 
effect in the as-printed IN718/Y2O3 composite sample is the 
result of the low wettability between the Y2O3 nanoparticles 
and the IN718 matrix, which makes them not effective as 
nucleation sites[35]. However, after solutionizing and aging, 
there is an increase in equiaxed grains formation in the 
Y2O3-reinforced sample after heat treatment as shown in 
Figure 7C and D. Due to this, the average grain size of the 
Y2O3-reinforced sample decreases from 19.1 ± 3.1 (before 
heat treatment) to 17.1 ± 7.2 µm (after solutionizing) to 12.5 

± 4.1 µm (after aging). On the other hand, the grain size of 
the monolithic sample increases from 18.9 ± 1.9 µm to 23.8 
± 8.2 µm after solutionizing and decreases to 18.9 ± 4.4 µm 
after aging. It should be noted that both samples achieve 
grain refinement after aging but the effect is stronger in the 
Y2O3-reinforced sample as the grain size decreases by 26.9% 
compared to 20.6% in the monolithic sample. This suggests 
that both the existing carbonitride precipitates and the newly 
form nano-sized Y-Ti-O precipitates contribute to the grain 
refinement. These precipitates aid the grain recrystallization 
at high temperature by acting as nucleation centers. As 
such, due to the absence of the Y-Ti-O precipitates in the 
monolithic samples, the carbonitride precipitates alone 
are not enough to suppress grain growth due to the high 
temperature[36] during solutionizing treatment. This results 
in a bigger grain size in the solutionized monolithic sample.

3.3. Mechanical properties of heat-treated IN718 
composites

A comparison of the mechanical properties between 
monolithic samples and Y2O3-reinforced samples is shown 
in Figure 11A. All samples were fabricated using their 

Table 6. Grain sizes (µm) of the printed samples at different 
stages of heat treatment

Reinforcement As‑printed 1075°C 
solutionized

1075°C 
solutionized+aged

Nil 18.9±1.9 23.8±8.2 18.9±4.4

1 wt.% Y2O3 19.1±3.1 17.1±7.2 12.5±4.1

Figure 11. Stress-strain curves comparing monolithic samples with Y2O3-reinforced samples (A). Tensile properties of as-printed (B), after solutionized 
(C), and after solutionized + aged (D) Y2O3-reinforced samples in comparison with monolithic samples.
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optimized parameters and solutionized at 1075°C so that 
the best mechanical properties could be obtained. This is 
because at this temperature, the Laves phase is dissolved 
almost completely and the remaining Laves phase has a 
particulate morphology instead of a long chain morphology. 
Furthermore, the amount of δ phase precipitates in the 
microstructure is kept relatively low as this phase also has 
several negative impacts on the mechanical properties[37]. 
The strength and elongation values after each heat 
treatment stage are shown in Figure 11B to D.

It can be seen that sample AP-Y has higher elongation 
than that of sample AP-0  (27.6% compared to 24.1%) 
while the strength of sample AP-Y (yield strength 
[YS] and ultimate tensile strength [UTS] are 856.8 and 
1189.3 MPa, respectively) is slightly lower than that of 
sample AP-0 (YS and UTS are 879.8 and 1212.4 MPa, 
respectively). After being solutionized, a significant 
decrease in strength is observed in the monolithic sample 
in which YS and UTS both decrease by 29.9% and 11.5%, 
respectively. However, the extent of the reductions in YS 
and UTS in the Y2O3-reinforced sample is lesser, which 
are 25.6% and 6.4%, respectively. After both solutionizing 
and aging treatments are done, the strength of the Y2O3-
reinforced sample (YS and UTS are 1099.3 and 1385.5 
MPa, respectively) continues to be higher than that of the 
monolithic sample (YS and UTS are 1015.5 and 1284.3 
MPa, respectively).

By considering the contribution of different 
strengthening factors, the minor differences in the strength 
of the as-printed samples can be explained as follows. First, 
as nanoscale carbonitride precipitates are also present in the 
base material, it is reasonable to also include their Orowan 
strengthening contribution. The contribution of Orowan 
strengthening, Orowan, is calculated using Equation II[38].
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Where G is the shear modulus and b is the Burgers 

vector. For IN718, G = 63 Gpa[39] and 110
2
ab =  [40], where 

a is the lattice parameter of IN718, which a = 0.359 nm[41]. 
Thus, b = 0.2539 nm.

However, the increase in strength due to Orowan 
strengthening in sample AP-Y is calculated to be only 
12.34 MPa higher than that of sample AP-0.As such, due 
to the presence of the carbonitride precipitates in sample 
AP-0, the contribution of Orowan strengthening in sample 
AP-Y is only significant if it is noticeably higher than the 
contribution of the carbonitride precipitates. However, it 
can be seen that the addition of reinforcement particles 

increases the size of the carbonitride precipitates. Thus, the 
increase in Orowan strengthening is small.

Second, the strength of the as-printed samples is 
also affected by the grain size through grain boundary 
strengthening or the Hall-Petch strengthening effect. 
However, due to the small difference in the grain size of 
samples AP-0 and AP-Y as shown in Table 6, the difference 
in the Hall-Petch strengthening effect is also negligible.

In addition to the stated strengthening mechanisms, 
other mechanisms such as the coefficient of thermal 
expansion (CTE) mismatch strengthening mechanism 
or the load transfer mechanism can also strengthen the 
material. The CTE mismatch strengthening, ∆CTE, can be 
calculated using Equation III[42].

 ��
� �
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Where k is a constant approximately equal to 1.25, 
∆T is the difference between the processing and testing 
temperatures, am and ap are the coefficient of thermal 
expansion of matrix and reinforcement particles, respectively. 
The theoretical volume fraction of the nanoparticles will 
be used for calculation. The processing temperature for 
LPBF can be taken to be 2100 K[43], thus ∆T = 2100 – 300 
= 1800 K. Using the theoretical vol% of the added nano-

Y2O3 particles, d nmp Y O( )2 3
65=  , am = 13.1 × 10−6K−1[44], 

and � p Y O K( ) .
2 3

8 1 10 6 1� � � � [45], the contribution of ∆aCTE in 
sample AP-Y is calculated to be 207.85 MPa.

Thus, based on the calculated results, CTE mismatch is 
indeed one of the important strengthening mechanisms in 
the IN718/Y2O3 composite due to the significant increase 
in the sample strength. This is also verified by Wang et al.[42] 
in which the calculated contribution of CTE mismatch 
strengthening is the highest. However, it has been reported 
that the inclusion of CTE mismatch strengthening often 
overestimates the actual strength of the sample. As 
such, several papers agreed that the activation of CTE 
mismatch strengthening is questionable and thus could 
be negligible[46–50]. Furthermore, it has also been shown 
that CTE mismatch strengthening can only be significant 
when the reinforcement particles are above a certain size[51] 
and volume fraction[52]. The critical diameter, dc can be 
calculated using Equation IV.

  d b
Tc � � ��

 (IV)

In this case, the dc of the nano-Y2O3 particles is 
calculated to be 91.4  nm. As the mean diameter of the 
Y2O3 nanoparticles is 65  nm, the majority of them are 
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below the critical diameter. In addition, due to the small 
volume fraction of the added nanoparticles, the fraction 
of the nanoparticles that can contribute to strengthening 
is also small.

Furthermore, the previously calculated results of the 
strengthening contribution are based on the CTE mismatch 
between the Y2O3 nanoparticles and the IN718 matrix. 
However, it has been pointed out that the nanoparticles 
have a high tendency to combine with the carbonitride 
shell to form a complex precipitate. As such, it would be 
more appropriate to compare the CTE mismatch between 
the Y2O3 nanoparticles and the carbonitride shell. Since 
the CTE of the shell is in the range of 6.65 × 10−6K−1 to 
8.48 × 10−6K−1[53], which is much closer to that of the Y2O3 
nanoparticles than IN718 is, the actual increase in strength 
is again expected to be small. Due to these reasons, the 
contribution of CTE mismatch strengthening in the 
IN718/Y2O3 composite will be omitted.

Finally, the load transfer mechanism, ∆load can be 
calculated using Equation V[42,54].

  �� �load p mf� 0 5.  (V)

Where m is the yield strength of the matrix. It can be 
seen from Equation V that the contribution of the load 
transfer mechanism is expected to be small as the volume 
fraction, fp, of the reinforcement particles is very small. 
Coupling with the 0.5 coefficient, the load transferring 
mechanism is believed to be not at play, which is also 
verified by Wang et al.[42]

Thus, it can be seen that the majority of the strengthening 
mechanisms do not result in a significant improvement in 
the strength of sample AP-Y. In fact, the strength of sample 
AP-Y is slightly lower than that of sample AP-0. This is 
because the theoretical calculation does not consider the 
agglomeration of the Y2O3 nanoparticles. This further 
supports the observations made in Section 3.1 in which 
there is a high concentration of Y2O3 in the interdendritic 
regions. As a result, this overestimated the strengthening 
contribution of the Orowan mechanism. Furthermore, 
several other factors could potentially overestimate the 
Orowan strengthening mechanism such as not all the 
particles being spherical and the mean particle diameter 
values being inaccurate to represent the entire size 
distribution. Thus, due to the similar grain sizes, the 
small volume fraction of reinforcement particles, and 
the presence of carbonitride precipitates in sample AP-0, 
the strengths of the as-printed samples only differ slightly.

However, in this study, the value added of the 
reinforcement particles in strengthening IN718 
can only be realized after heat treatment as seen in 

Figure 11. A thorough quantitative analysis of the Orowan 
strengthening is challenging in heat-treated samples 
since there are numerous types of nano-sized precipitates 
(carbonitride precipitates, Y2O3 nanoparticles, Y-Ti-O 
nanoparticles, γ′ and γ′′ precipitates, and δ and blocky 
Laves phase) that each contributes to the strength of the 
material differently. Furthermore, the morphology of 
the majority of the precipitates is not spherical and their 
distribution in the matrix may not be homogeneous. 
Thus, these factors make quantifying the contribution 
of the precipitates to the strength of the material highly 
challenging. However, an appropriate qualitative analysis 
to explain the differences in the material’s strength can 
still be carried out.

First, the number of nano-sized precipitates in the 
Y2O3-reinforced sample is expected to be higher than in 
the monolithic sample due to the formation of the Y-Ti-O 
precipitates after solutionizing treatment (Figure 10A). 
As such, these precipitates increase the strength of the 
IN718/Y2O3 composite after heat treatment. Furthermore, 
these precipitates also contribute to grain refinement after 
heat treatment since they act as nucleation centers for the 
recrystallization of grains at high temperatures and at the same 
time, suppress grain growth. Hence, this further enhances the 
material’s strength through grain boundary strengthening.

Second, it is theorized that the difference in the Laves 
phase morphology at the grain boundaries between the 
Y2O3-reinforced samples and the monolithic samples as 
shown in Figure 8 also contributes to the difference in 
the mechanical properties. However, after solutionizing 
treatment at 1075°C,the microstructural changes resulting 
from additional aging treatment are not obvious. Thus, it 
is challenging to accurately characterize the differences. 
As such, to accurately characterize the differences in 
the microstructures that arise from aging treatment 
and to understand the reasons behind any changes in 
mechanical properties after aging treatment, both samples 
are solutionized at 1275°C before aging. This is because 
when the samples are solutionized at this temperature, 
the diffusion of different alloying elements is significantly 
enhanced[55]. As such, the movements of the alloying 
elements during heat treatment can be visualized.

SEM analysis of sample 1275A-Y shows that the addition 
of Y2O3 has resulted in grain refinement. This is evident in 
Figure 12 showing a significantly higher number of smaller 
equiaxed grains in sample 1275A-Y compared to sample 
1275A-O. It is also observed that the segregated regions 
(red color) are thinner in sample 1275A-Y than those in 
sample 1275A-0. This further reinforced the phenomenon 
in which the addition of Y2O3 reduces the segregation at 
the grain boundaries as shown in Figure 8.
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In-depth analysis of the grain boundary of sample 
1275A-Y (Figure 13) revealed that the segregated region 
consists of numerous small precipitates embedded 
within the segregated material as shown in Figure 13B 
On the other hand, the non-segregated region consists 
of a cluster of several white color precipitates as shown 
in Figure 13C.

EDX analysis shows that in segregated regions, the 
embedded is either Y2O3 or TiN particles. In addition, 
Nb is not detected in any of the particles. A  similar 
observation can be made in the non-segregated region in 
which individual Y2O3 and TiN particles cluster together. 
Combined with the information in Figure 10, this shows 
that the complex precipitates that exist in the as-printed 
sample are not stable at high temperatures for a prolonged 
period and gradually separate into individual Y2O3 and 
TiN particles.

The increase in the number of precipitates increases the 
effectiveness of the Zener pinning effect, suppressing grain 
growth[56]. As such, significant grain refinement is observed 
in sample 1275A-Yas the grain size decreases from 67.7 
± 20.7 µm to 37.9 ± 8.7 µm as shown in Figure 12. The 
grain refinement in sample 1075A-Y suggests that the 
same phenomenon could have occurred in that sample. As 
there are more grain boundaries in sample 1275A-Y than 
in sample 1275A-0, there are more sites for the material to 
diffuse toward, resulting in thinner segregated regions as 
shown in Figure 12B.

It is also observed that the distribution of the γ′ and γ′′ 
precipitates in sample 1275A-Y have less of a difference 
as compared to those in sample 1275A-0 as shown in 
Figure 14. It is generally accepted that the γ′ phase 
has a cube-shaped morphology[57] while the γ′′ phase 
has a disc-shaped morphology[58]. The precipitates are 
indicated in Figure 14A and C. The γ′ and γ′′ precipitates 
are seen abundantly near the grain boundaries in 
sample 1275A-0 (Figure 14A). It is calculated that the 
precipitates occupied 71.0% of the total area of the 

image. However, in the region that is far from the grain 
boundaries, few precipitates are seen (Figure14B), which 
only occupied 52.0%. On the other hand, the difference 
in the occupied area of the precipitates between near 
and far from the grain boundaries in sample 1275A-Y is 
only 2.4%, which is significantly smaller than the 19.0% 
in sample 1275A-0.

The reason for the differences is as follows. It has 
been established that the segregation of Nb at the grain 
boundaries is much more severe in sample 1275A-0. 
In addition, the grain size of sample 1275A-0 is also 
much larger than that of sample 1275A-Y. Figure 15 
shows the schematics that visualize the difference in 
the distribution of Nb in the microstructures between 
samples 1275A-0 and 1275A-Y. Due to the larger grain 
size and the segregation of Nb at the grain boundaries in 
sample 1275A-0, there is an Nb concentration gradient 
from the center of the grain to the edge of the grain 
as Nb diffuses towards the grain boundaries. Thus, 
this creates regions of low concentration of Nb at the 
center of the grains (red color) and regions of high 
concentration of Nb near the segregated materials at 
the grain boundaries (blue color). On the other hand, 
due to the smaller grain size of sample 1275A-Y, while 
having much less segregation at the grain boundaries, 
the concentration gradient of Nb in the microstructure 
is also much less significant. Thus, the distribution 
of Nb in sample 1275A-Y is relatively homogeneous. 
As Nb is needed for the formation of both the γ′ 
and γ′′ precipitates, there will be more and bigger 
precipitates in the blue regions in sample 1275A-0 due 
to the abundance of Nb. On the other hand, there is not 
enough Nb in the red region for the precipitates to form 
properly. Thus, this explains the difference observed in 
Figure 14A and B. Due to the relatively homogeneous 
distribution of Nb in sample 1275A-Y, the difference 
observed in Figure 14C and D is not significant. Because 
sample 1075A-Y also has a smaller grain size and less 
segregation at the grain boundaries compared to sample 

Figure 12. SEM images of samples 1275A-0 (A) and 1275A-Y (B) showing the grain boundaries (yellow dashed lines) and segregated regions (red areas). 
D: grain size.
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1075A-0, the distribution of the γ′ and γ′′ precipitates is 
expected to follow the same trend.

Thus, while it is true that the presence of γ′ and γ′′ 
precipitates after aging treatment increases the strength of 
both Y2O3-reinforced and monolithic samples significantly, 
the distribution of the precipitates is shown to be affected by 
the addition of the reinforcement particles, which, in turn, 
affects their effectiveness. The lack of proper precipitation 
in the region far away from the grain boundaries in sample 
1275A-0 affects the mechanical properties of the heat-
treated monolithic sample negatively. Taken together, the 
higher strengths of the composites are the result of the 
increased Orowan strengthening from a significantly higher 
number of nano-sized precipitates, the grain boundary 
strengthening effect, and the γ′ and γ′′ precipitates being 
distributed more homogeneously.

Figure 14. Scanning electron microscopy images showing the precipitates 
in sample 1275A-0 near grain boundary (A) and far from grain boundary 
(B), and in sample 1275A-Y near grain boundary (C) and far from grain 
boundary (D). GB: grain boundary.

Figure 13. Scanning electron microscopy (SEM) images showing the grain boundary of sample 1275A-Y (A). High-magnification SEM images with EDX 
mapping spectra of the segregated (B) and non-segregated (C) areas.
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Figure 15. Schematics showing the difference in the distribution of Nb in the microstructures between samples 1275A-0 (A) and 1275A-Y (B).

4. Conclusions
The influence of Y2O3 addition on the microstructures of 
heat-treatedLPBFIN718  samples is investigated, and the 
results are as follows.

(i) Y2O3 nanoparticles have a high tendency to combine 
with carbonitride precipitates to form complex 
precipitates. These complex precipitates separate into 
individual Y2O3 and TiN nanoparticles after heat 
treatment. At the same time, Y-Ti-O precipitates 
form during the heat treatment due to the release of 
supersaturated Y in the matrix.

(ii) Grain refinement is observed in the Y2O3-reinforced 
composite after heat treatment due to the high number 
of nano-sized precipitates acting as nucleation centers 
for the recrystallization of grains and suppressing 
grain growth as a result of the Zener pinning effect.

(iii) Thinner segregated regions are observed at the grain 
boundaries of the heat-treated Y2O3-reinforced 
composite. This leads to a more homogeneous 
distribution of Nb in the microstructures and results 
in a smaller difference in the γ′ and γ′′ precipitates 
distribution between the regions near and far from the 
grain boundaries.

(iv) The value added of the reinforcement particles 
in strengthening IN718 is only realized after heat 
treatment. The higher strengths of the composites 
are the result of the increased Orowan strengthening 
from a significantly higher number of nano-sized 
precipitates, the grain boundary strengthening effect, 
and the γ′ and γ′′ precipitates being distributed more 
homogeneously.
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