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Abstract: The effects of phosphorus and boron addition on the as-cast microstructure and homogenization parameters of Inconel 718 
were studied. The results indicate that the addition of phosphorus and boron promotes the formation of blocky Laves phase. Due to 
the strong segregation behavior of boron in the final residual liquid, a low melting B-bearing phase enriched in Nb, Mo and Cr is 
observed. According to the differential scanning calorimeter results and electron probe micro-analysis characterization, the 
solidification sequence of Inconel 718 with phosphorus and boron addition in best combination is determined as L→L+γ→L+γ+ 
MC→L+γ+MC+Laves→γ+MC+Laves+B-bearing phase. Accordingly, the homogenization temperature is recommended to be 
adjusted at least 40℃ lower than that of standard Inconel 718 due to the existence of low melting B-bearing phase. 
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1 Introduction 
 

Inconel 718 is the most classical nickle-base 
superalloy so far, accounting for more than 50% of 
commercial superalloy productions in the world [1]. 
However, the service temperature of  Inconel 718 is 
restricted to 650 °C owing to fast coarsening of the main 
strengthening phase (tetragonal DO22-structure γ″ phase) 
after long period exposure to temperature above 650 °C 
[2, 3]. With the target at increasing the service 
temperature by 30−50 °C, a lot of attempts have been 
made and minor elements doping is regarded as the most 
economical way. Many researchers [4−8] demonstrated 
that the addition of minor element P at a little higher 
level (1.5×10−4 to 2.4×10−4) could improve the stress 
rupture and creep properties significantly. Moreover, 
CAO and KENNEDY [9, 10] reported that strong 
interactions between P and B existed and much more 
beneficial effects could be obtained through P and B 
addition in combination. The best synergistic 
combination was (2.1−2.4)×10−4 P+ (1.00−1.2)×10−4 B 
[11, 12]. 

Much research has been undertaken on the stress 

rupture and creep properties of Inconel 718, while less 
work was involved with the change of solidification 
behavior after P and B addition, especially for the 
investigation on best combination. In view of the 
industrial production, it is of great value to study the 
solidification process and homogenization treatment for 
producing large scale ingots in good quality. Hence, the 
main objective of this study is to analyze the as-cast 
microstructure and homogenization parameter of Inconel 
718 with best P+B combination. 
 
2 Experimental 
 

By comparison, two ingots (10 kg each) with 
different P and B addition were prepared by remelting 
the same master Inconel 718 in a 20 kg vacuum 
induction furnace. The actual chemical compositions of 
the two alloys (virgin and A) were obtained through 
inductively coupled plasma analysis, as listed in Table 1. 
In order to speculate on the solidification sequence, 
differential scanning calorimeter (DSC) test was 
conducted on a Netzsch STA 449C instrument and the 
heating rate was controlled at 10 °C/min from 1000 to 
1400 °C. The reaction temperatures of on-heating DSC  

                       
Foundation item: Project (08dj1400402) supported by the Major Program for the Fundamental Research of Shanghai Committee of Science and Technology, 

China 
Corresponding author: SHAN Ai-dang; Tel: +86-21-54747441; Fax: +86-21-54748974; E-mail: adshan@sjtu.edu.cn 
DOI: 10.1016/S1003-6326(11)61177-1 



MIAO Zhu-jun, et al/Trans. Nonferrous Met. Soc. China 22(2012) 318−323 

 

319

Table 1 Chemical compositions of alloys (mass fraction, %) 

Alloy C N P B Al Cr 

Virgin 0.05 0.006 0.004 0.001 0.52 19.5

A 0.05 0.006 0.024 0.010 0.52 19.5

Alloy Mo Ti Nb Fe Ni 

Virgin 3.10 1.00 5.35 17.5 Bal. 

A 3.10 1.00 5.35 17.5 Bal. 
 
curves were determined by Netzsch Proteus Analysis 
software. 

Microstructure analysis samples were cut from the 
longitudinal center of the two ingots. After standard 
metallographic procedures, samples were electrolytic 
etched with a solution of 10 mL HCl+30 mL HNO3+  
50 mL C3H8O3 at 6 V for 10 s. HITACHI S−4200 
scanning electron microscope (SEM) with INCA energy 
dispersive spectrum (EDS) examination was used to 
characterize the microstructures. Mapping distribution 
was analyzed on a JEOL JXA−8500F thermal field 
emission electron probe micro-analysis (FE-EPMA), 
with TAP, PETH, LDE2H and LIF analysis crystals used. 
 
3 Results and discussion 
 

Figures 1 (a) and (c) show the microstructures of 
two ingots at the center. At lower magnification, similar 
dendrite structures are found and black areas are the 
inter-dendritic areas where segregation phases form in 
the last stage of solidification. Detailed microstructures 

at higher magnification for both alloys are shown in 
Figs.1 (b) and (d). For virgin alloy, two kinds of 
morphology are observed in terms of Laves phase: 
eutectic Laves and blocky Laves. However, only blocky 
Laves phase exists in alloy A, and the size is relatively 
bigger than that in the virgin alloy, which suggests that P 
and B additions may promote the formation of blocky 
Laves phase. Apart from that, the MC-type carbides in 
both alloys exhibit common morphology in the vicinity 
of Laves phase. 

Combined with the previous metallographic 
observations, DSC examinations were carried out to 
further investigate the difference between the virgin alloy 
and alloy A concerning the solidification behavior. DSC 
on-heating curve for the virgin alloy illustrated in Fig. 2 
shows that melting takes place for three stages like other 
references recorded [13, 14]: the melting of eutectic 
Laves and blocky Laves (P−H2), followed by the 
melting of MC carbide (P−H3) and finally the melting of 
primary γ matrix (P−H4). Quite unlike the DSC 
on-heating curves obtained in the previous investigations 
[13−15], peak P−H1 is observed in alloy A besides the 
above three peaks, which evidently demonstrates the 
existence of another unknown low melting phase 
(temporarily named as PS). The detailed peak 
temperatures on-heating curves are summarized in  
Table 2. Based upon the data, it is reasonable to conclude 
that the solidification reaction temperatures of alloy A 
are postponed due to the addition of P and B. Hence, the 
solidification sequence of alloy A can be determined  

 

 
Fig. 1 Optical micrographs of as-cast microstructure in virgin alloy (a), (b) and alloy A (c), (d) 
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Fig. 2 Representative DSC on-heating curves for virgin alloy (a) 
and alloy A (b) 
 
Table 2 Melting reaction peak temperatures in DSC on-heating 
curves shown in Fig. 2 

Peak temperature/°C 
Alloy 

P−H1 P−H2 P−H3 P−H4 
Virgin Not detected 1187.8 1290.8 1339.8 

A 1133.7 1169.2 1286.8 1335.2 
 
preliminarily corresponding to the melting sequence of 
that as: L→L+γ→L+γ+MC→L+γ+MC+Laves→γ+MC+ 
Laves+PS. 

As to the location where the unknown low melting 
phase (PS) exists, inter-Laves phase region is the most 
likely according to the above analysis. In order to 
characterize this unknown low melting phase, FE-EPMA 
mapping distribution as well as EDS analysis was 
performed. Figure 3 shows the inter-Laves phase region 
at high magnification in alloy A and correspondent 
element distribution. Apart from the common phases 
such as γ and δ in the vicinity of Laves phase, one 
L-shape phase appears next to the Laves phase. When 
viewed in the perspective of elements distribution, it is 
clearly found that L-shape phase is enriched in Nb, Mo 
and B while depleted in Ni and P. Figure 4 and Table 3 
show the difference of EDS profile between L-shape 
B-bearing phase and Laves phase in alloy A. High 

 

 

Fig. 3 Micrograph (a) and element distribution of B and P (b), 
(c), (d) in inter-Laves region  
  
concentration of 35.6% Nb and 14.2% Mo (mass fraction) 
are found in the B-bearing phase. In the previous work, it 
was reported that B-bearing phases are enriched in Mo 
and Cr [16−18]. As known, Nb and Mo show close 
similarity in atomic radius and segregation behavior.  
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Fig. 4 EDS profiles of B-bearing phase and Laves phase in 
alloy A 
 
Table 3 Measured compositions of Laves phase and B-bearing 
phase in alloy A (mass fraction, %) 

Phase w(Nb)/% w(Mo)/% w(Cr)/% w(Ni)/%

Laves phase 31.11 8.33 12.97 34.54 

B-bearing phase* 35.62 14.24 16.92 24.27 

Phase w(Fe)/% w(Ti)/% w(Al)/% w(P)/%

Laves phase 10.84 0.84 0.20 1.17 

B-bearing phase* 6.25 2.48 0.22 − 
*Element B is not included because of equipment limitation 
 
Therefore, Nb can replace Mo in the B-bearing phase. 
Furthermore, boron as a positive segregation element is 
also strongly enriched in the final residual melt, 
combining Nb and Mo to form B-bearing phase. 

In consequence, the solidification sequence of alloy 
A can be modified as L→L+γ→L+γ+MC→L+γ+MC+ 
Laves→γ+MC+Laves+B-bearing phase. It is also noted 
that little solubility of P in B-bearing phase and good 
solubility of P in Laves phase are seen in P-mapping. 
Simultaneously, little solubility of B in Laves phase is 
found in B-mapping. These two phenomenons attribute 
to the fact that P and B cannot coexist in one phase. 

Homogenization is a heat treatment of as-cast 
superalloy at high temperature for a long time to remove 
low melting phase and micro-segregation. Since 
homogenization is a diffusion-control process, the 
homogenization temperature is chosen as high as 
possible without reaching the incipient melting 
temperature (IMT) [19]. Typically, the homogenization 
temperature of standard Inconel 718 is in the range of 
1170−1175 °C [20−21]. Hence, the homogenization 
parameters should be adjusted accordingly for Inconel 
718 with best P+B combination. From the previous DSC 
data, the IMT of virgin alloy is 1176.9 °C. In contrast, 
the initial melting for alloy A takes place at 1129.2 °C. 
Here, metallographic method was applied to determine 

the IMT in actual homogenization circumstance. In 
reference with DSC results, the samples were soaked at 
1120, 1135, 1160, 1170 and 1185 °C for 30 min, 
respectively and then quenched in water. 

Figure 5 shows the microstructure evolution of 
virgin alloy through different heating processes. 
Apparently, no change is discovered for Laves phase 
morphology after 1160 and 1170 °C heating process. 
When the holding temperature is raised to 1185 °C, the 
melting of Laves phase occurs and the melting pool 
forms instead. For alloy A, the initial melting takes place 
much earlier, as shown in Fig. 6. When the holding 
temperature is 1120 °C, the microstructure does not 
change. Once the holding temperature is increased to 
1135 °C, the B-bearing phase that exists in the vicinity of 
Laves phase begins to melt. Subsequently, the melting of  
 

 
 
Fig. 5 OM images showing determination of incipient  
melting temperature of virgin alloy: (a) 1160 °C; (b) 1170 °C; 
(c) 1185 °C 
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Fig. 6 OM images showing determination of incipient melting temperature of alloy A: (a) 1120 °C; (b) 1135 °C; (c) 1160 °C; (d) 
1170 °C 

 
Laves phase occurs at 1160 °C and the whole Laves 
phase becomes a melting pool at 1170 °C. 

In the view of the above analysis, it is reasonable to 
conclude that the homogenization temperature of Inconel 
718 with best P and B combination should be designed at 
least 40 °C lower than that of standard Inconel 718 
owing to the existence of B-bearing phase. 
 
4 Conclusions 
 

1) Phosphorus and boron have strong effects on the 
as-cast microstructure of Inconel 718 and promote the 
formation of blocky Laves phase in particular. 

2) B-bearing phase enriched in Nb, Mo and Cr is 
observed as a result of P and B addition in best 
combination. 

3) The homogenization temperature of Inconel 718 
with P and B addition is recommended to be adjusted at 
least 40 °C lower than that of standard Inconel 718 due 
to the existence of low melting B-bearing phase. 
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磷硼复合添加对 Inconel 718 合金铸态组织及 
均匀化处理参数的影响 
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摘  要：研究磷硼复合添加对 Inconel 718 高温合金铸态组织及均匀化处理参数的影响。结果表明：磷硼的加入促

进块状 Laves 相的形成。由于硼在最后残余液相中大量富集，形成一种富含 Nb、Mo 和 Cr 的含硼相。根据 DSC

和电子探针分析结果，确定磷硼复合添加 Inconel 718 高温合金的凝固顺序为 L→L+γ→L+γ+MC→L+γ+ 

MC+Laves→γ+MC+Laves+含硼相。由于低熔点含硼相的存在，磷硼复合添加 Inconel 718 高温合金的均匀化处理

温度应比标准 Inconel 718 合金低至少 40 °C。 

关键词：磷；硼；Inconel 718 合金；凝固；微观组织；均匀化处理 
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