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NOMENCLATURE 
 
AP-0 = As printed IN718 without reinforcement 
AP-1 = As printed IN718 with 1 wt.% TiC reinforcement 
X-0 or X-1 where X is a number indicates the solutionizing 
temperature for sample AP-0 or AP-1, respectively. 
XA-0 or XA-1 = aged X-0 and X-1, respectively. 

 
 
1. Introduction 
 

IN718 possesses excellent weldability due to its sluggish response 
of precipitation hardening [1], making it very suitable to fabricate 
IN718 MMCs by AM. Apart from understanding the strengthening 
mechanisms between the reinforcement particles and the metal matrix 
which include grain strengthening, Orowan strengthening, work 
hardening, etc., [2] it is also necessary to understand the interactions 
between the reinforcement and the precipitates in the IN718 matrix 
during this process. The material must undergo proper thermal 
treatment which often consists of solutionizing and aging treatment. 

As a result, hardness and tensile strength are improved due to the 
increase in ′ and ″ precipitation and growth [3]. Even though other 
pieces of literature that study the same material system [4]–[6] have 
reported the influence of TiC on the mechanical properties of 
heat-treated IN718, they did not solutionize beyond 1100 oC. 
Moreover, the effects of TiC addition on segregation behavior in the 
IN718 matrix are not reported. 
 
2. Microstructural characterization 
 
2.1 As-printed samples 

 
Using the optimized parameters, the as-printed samples are fully 

dense, and the micron-TiC particles are seen to be evenly distributed 
within the matrix. SEM analysis was carried out on etched samples as 
shown in Fig. 1. The vertical, light color stripes are identified using 
EDX analysis to be Laves phase which has high concentrations of Nb 
and Mo [7]. Nano-sized precipitates are also observed in the matrix 
and are identified to be carbonitride precipitates that are rich in Ti, Nb, 
N, and C. The number of precipitates is much higher in sample AP-1. 
The formation of these nano-sized precipitates is facilitated by the 
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In this study, TiC reinforcement particles were used to fabricate IN718/TiC composite using selective laser melting 
technology. The interactions between the reinforcement particles and the IN718 matrix during the solutionizing and aging 
processes were investigated. It was found that the addition of TiC particles contributed to the reduction of solute segregation 
at the grain boundary and the susceptibility to hot cracking. The results indicated that the solute materials (Nb and Mo) 
were absorbed by TiC particles through Ostwald ripening mechanism instead of diffusing to the grain boundaries. In 
addition, noticeable improvements in strength and microhardness were observed after heat treatment in comparison with the 
as-printed sample. It was shown that the addition of TiC particles also facilitated the formation of nano-sized carbonitride 
precipitates in the as-printed sample. These precipitates could still be observed after the heat treatment process and 
contributed significantly to the grain refinement and strengthening of the heat-treated samples. Moreover, the combination 
of finer grains and segregation mitigation resulted in  and  precipitates being distributed more homogeneously. This 
study has demonstrated the significant benefits of TiC particles in further improving the mechanical performance of selective 
laser melted IN718. 
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micron-TiC addition, which can be attributed to the partial dissolution 
of micron-TiC particles that introduced additional Ti and C into the 
matrix [8]. 

 

  
Fig. 1 SEM images of samples AP-0 (a) and AP-1 (b). 

 
2.2 Solutionized samples 

 
The presence of carbonitride precipitates is confirmed after 

solutionization as seen in Fig. 2. A higher number of precipitates is also 
observed in the reinforced sample. The δ phase starts to form as small 
needle-like precipitates in both samples 1075-0 and 1075-1. Laves 
phase no longer exists as small precipitates arranged in several straight 
lines, but as large, blocky precipitates instead. The carbonitride 
precipitates did not only exist as individual ones but also formed 
co-precipitates with both Laves and δ phases, showing that the higher 
number of carbonitride precipitates in the reinforced sample is 
effective in absorbing Nb and Mo from the matrix. 

 

  
  

  
Fig. 2 SEM images comparing the microstructure between samples 
1075-0 (a)(b) and 1075-1 (c)(d). 

An interfacial layer (white color) is observed to form as shown in 
Fig. 3a. An intermediate layer (grey color) between the micron-TiC 
particles and the interfacial layer is also observed, indicating that there 
is a strong bonding between the micron-TiC particle and the interfacial 
layer. The observations suggest that the micron-TiC particles are 
favorable sites for Nb and Mo to diffuse towards. It is believed that the 
growth of the interfacial layer is based on the Ostwald ripening 
mechanism, which operates based on the transport of atoms in the 
microstructure and is related to the diffusion coefficient of the 
transported material [9]. 

The grains in sample 1275-0 (Fig. 3b) are observed to be larger 
than in sample 1275-1 (Fig. 3d). The grain refinement is due to the 
numerous precipitates at the grain boundaries and the homogeneously 

dispersed micron-TiC particles suppressing grain growth as a result of 
the Zener pinning effect [10]. The addition of micron-TiC particles 
reduces the segregation at the grain boundaries noticeably as shown in 
Fig. 3c and 3e. This is the result of micron-TiC particles absorbing 
solute elements and an increase in grain boundary length in sample 
1275-1. 

 

 

 
 

 
 

 
 

 

Fig. 3 Line scan EDX analysis showing the variation of chemical 
compositions (cps) between the micron-TiC particle, the interfacial 
layer, and the matrix (a). Optical micrographs of samples 1275-0 (b) 
and 1275-1 (d) after etching. Backscattered SEM images showing 
segregation at the grain boundary of samples 1275-0 (c) and 1275-1 
(e). 

 
2.3 Aged samples 

 
Smaller grain size is observed in the reinforced sample after being 

heat treated as listed in Table 1. To understand the reasons behind the 
differences in the mechanical properties of the samples after aging 
treatment, all the samples are subjected to solutionizing treatment at 
1275 oC before aging. This is because the diffusion of different 
alloying elements is significantly enhanced. As such, the movements 
of the alloying elements during heat treatment can be visualized. 

 
Table 1 Grain sizes (µm) of printed samples under different 
conditions. 
 

AP-0 AP-1 1075A-0 1075A-1 1275A-0 1275A-1 

18.9 ± 1.9 16.9 ± 2.9 18.9 ± 4.4 13.4 ± 3.4 67.7 ± 20.7 29.1 ± 8.5 

 
The distributions of the  and  precipitates are different in the 

samples 1275A-0 and 1275A-1 as shown in Fig. 4. The  and  
precipitates are seen abundantly (71.0% of the total image area) near 
the grain boundaries in sample 1275A-0 (Fig. 4a). However, few 
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precipitates are seen far from the grain boundaries (Fig. 4b), which 
only occupied 52.0%. On the other hand, the distributions and the sizes 
of the precipitates in sample 1275A-1 are quite similar in both 
locations (Fig. 4c and d). 
 

  
  

  
Fig. 4 SEM images showing the precipitates in sample 1275A-0 near 
grain boundary (a) and far from grain boundary (b), and in sample 
1275A-1 near grain boundary (c) and far from grain boundary (d). 
GB: grain boundary. 

This is 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) as shown in Fig. 5. As Nb is needed 
for the formation of both the ′ and ″ precipitates, there will be more 
and bigger precipitates in the blue regions in sample 1275A-0. The 
absence of these factors in sample 1275A-1 resulted in a more 
homogeneous distribution of Nb.  

 

  

Fig. 5 Schematics showing the difference in the distribution of Nb in 
the microstructures after aging between samples 1275A-0 (a) and 
1275A-1 (b). 

 
3. Mechanical properties 

 
Mechanical testing is carried out at the optimum heat treatment 

parameter settings. The strength of the TiC-reinforced sample is 
always higher than that of the non-reinforced sample under all 
conditions as shown in Fig. 6. In addition, the TiC-reinforced sample 
consistently has higher microhardness than the non-reinforced sample 
regardless of the stage of the heat treatment as listed in Table 2. The 

improvements in strength and microhardness of the reinforced sample 
are due to the following factors. Firstly, the higher number of 
carbonitride precipitates in the TiC-reinforced sample increases their 
Orowan strengthening contribution. Secondly, the grain refinement 
effect in the TiC-reinforced sample also plays a part in the higher 
strength and microhardness. Lastly, the lack of proper precipitation at 
the center of the grains and the coarsening of the ′ and ″ precipitates 
near the grain boundaries affect the mechanical properties of the 
non-reinforced sample negatively. 

 

  
  

  
Fig. 6 Stress-strain curves (a) and tensile properties of as-printed (b), 
after solutionized (c), and after solutionized + aged (d) TiC reinforced 
samples in comparison with non-reinforced samples. 

Table 2 Microhardness value (Hv) of printed samples under different 
conditions. 
 

AP-0 AP-1 1075-0 1075-1 1075A-0 1075A-1 

350.4 ± 
4.8 

388.8 ± 
5.4 

327.0 ± 
11.7 

402.2 ± 
8.0 

457.8 ± 
7.0 

502.2 ± 
7.2 

 
 
4. Conclusions

 
The addition of micron-TiC particles restricted grain growth 

during heat treatment. Solute materials are absorbed by the 
micron-TiC particles through Ostwald ripening mechanism instead of 
diffusing to the grain boundaries. This forms an interfacial layer 
between the particles and the IN718 matrix and reduces the 
segregation at the grain boundaries. Nano-sized carbonitride 
precipitates are formed due to the partial dissolution of micron-TiC 
particles and are still present after heat treatment. The diffusion of Nb 
towards the grain boundaries during aging creates a concentration 
gradient, affecting the amount and size of the ′ and ″ precipitates in 
the aged sample. This mostly affects the non-reinforced IN718 sample 
due to it having large grains and highly segregated grain boundaries. 
The higher strength of the composite is achieved due to grain boundary 
strengthening, increased Orowan strengthening from a higher number 
of carbonitride precipitates, reduction of segregation at grain 
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boundaries, and the  and  precipitates being distributed more 
homogeneously. 
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