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Abstract: Solidification behaviors of Pt-containing 718Plus superalloys were studied by scanning electron microscopy 
(SEM), energy dispersive spectrum (EDS), differential scanning calorimetry (DSC) and simulation calculations. It is 
found that Pt increases solidification range and decreases solidus temperature of the alloy and precipitation temperature 
of Laves + γ eutectic phase since Pt enlarges the region of γ phase by increasing Nb solubility. In addition, Pt segregates 
to the interdendritic region and increases the segregation of Nb and Ti in the interdendritic region due to the strong 
attractive interactions between Pt and Nb/Ti. As a result, Pt promotes the precipitation of the Laves + γ eutectic phase 
and η phase around eutectic phase. The increase of solidification range and segregation degrees of Nb and Al caused by 
Pt also promotes the precipitation and growth of γ' + γ" phase around eutectic phase. These results provide experimental 
bases for understanding the mechanism of Pt in solidification behavior of superalloys. 
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1 Introduction 
 

With the continuous development of aero 
engines, the performance requirements at high 
temperature for anti-oxidation, anti-creep and 
long-term microstructure stability of the alloys are 
increasing significantly [1−4]. In order to improve 
the high-temperature strength and microstructure 
stability of the alloys, the concentration of 
refractory elements increased and new elements 
were introduced [5−7]. In 1980, CORTI et al [8] 
proposed the strategy of adding precious metal 
elements into nickel-based superalloys and found 
that the Pt-modified RJM alloys exhibit outstanding 
high-temperature strength, structural stability, 
oxidation resistance and anti-corrosion properties. 

In 2009, HEIDLOFF et al [9] found that Pt reduces 
the γ′ phase coarsening kinetics and improves the γ′ 
phase stability at 1000 °C of Ni−15Al−5Cr casting 
alloy. In 2015, SLUYTMANA et al [10] reported 
that PX5 casting alloy containing 2.5 at.% Pt 
displays exceptional high temperature microstructure 
stability at 1200 °C due to the lower diffusion 
coefficient of Pt in Ni. 

As the types and concentrations of refractory 
elements and precious metal elements in super- 
alloys increase, the segregation degrees become 
severer due to their high mass fraction and low 
diffusivity [11−13]. To properly control the 
segregation degrees, it is essential to understand the 
solidification behavior of elements. At present, the 
studies of precious metal elements on solidification 
behavior of nickel-based superalloys concentrate  
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into Ru and reveal that Ru reduces the segregation 
degrees of other alloying elements [14−16]. As for 
Pt, LIN et al [17] found that Pt segregates to 
interdendritic region, promotes the segregation of 
Al and Ta, and reduces the solidus, liquidus and 
eutectic temperatures of single crystal superalloy. 
However, studies on the role of Pt in the 
solidification behavior of polycrystalline super- 
alloys have not been reported until now. Therefore, 
the present work is carried out to investigate the 
solidification behavior of Pt-containing 718Plus 
superalloy, including the solidification structure, 
dendrite spacing, eutectic phase and element 
segregation characteristics. 
 
2 Experimental 
 

The chemical compositions of experimental 
alloys are listed in Table 1. The base alloy used   
is ATI 718Plus alloy, which is newly developed 
polycrystalline nickel-based superalloy and is 
designed for using in modern aero engine 
compressor discs as a replacement for Inconel 718 
alloy [18−20]. The 718Plus-0Pt and 718Plus-1.5Pt 
alloy (in wt.%) ingots, weighing approximately 
3 kg, were prepared by the same vacuum induction 
melting to minimize oxidation and then chill cast in 
a cylindrical copper mold, with a conical hot top 
section to accommodate shrinkage within the 
casting. 

A disk with 3 mm in thickness and 60 mm in 
diameter was cut from each ingot at the center, 1/2 
radius (1/2R) and edge position. Metallographic 
observations were performed after the samples were 
ground and polished. Subsequently, samples were 
etched in a solution of 150 mL H3PO4 + 10 mL 
H2SO4 + 15 g CrO3. Microstructural observations 
were conducted with optical microscopy (OM). The 
secondary dendritic arm spacing was measured   
by Photoshop image analysis software. The 
microstructure at high magnification was observed 
on a scanning electron microscope (SEM). 
Qualitative chemical analyses of precipitates were 
performed by the energy-dispersive spectrometer 

(EDS) equipped with the SEM. Five points were 
taken among the interdendritic and dendritic cores 
and averaged. 

Differential scanning calorimetry (DSC) 
measurements were performed to estimate the 
transformation temperatures of phases. The samples 
were cut from the center of the ingots with the size 
of 6 mm in diameter and 7 mm in thickness, along 
with a countersink of 7.5 mm2 (2.5 mm × 3 mm) at 
one end. DSC experiments were conducted on a 
high-purity argon atmosphere to avoid oxidation. 
The samples were subjected to heating and cooling 
cycles as follows: room temperature → heating at 
20 °C/min up to 1000 °C → isothermal holding at 
1000 °C for 20 min → heating at 5 °C/min up to 
1450 °C → isothermal holding at 1450 °C for 
20 min → cooling at 5 °C/min down to 1000 °C → 
cooling at 20 °C/min down to room temperature. 
Because the transformation of phases almost 
occurred in the temperature range of 1000− 
1450 °C [21], only the data within this interval were 
analyzed. 

Using the JMatpro 7.0 software, thermo- 
dynamic calculations were employed to obtain the 
solidification sequence, the thermodynamic phase 
diagrams under simulated non-equilibrium 
solidification and the element distribution in the 
solid and residual liquid during solidification. 
Elemental redistribution was calculated by the 
Schell−Gulliver model [22]. 
 
3 Results 
 
3.1 Calculation of solidification path and solutes 

distribution during solidification 
The thermodynamic phase diagrams of 718Plus- 

0Pt and 718Plus-1.5Pt alloys under simulated 
non-equilibrium solidification are shown in Fig. 1. 
It can be seen from Fig. 1(a) that the solidification 
of 718Plus-0Pt alloy starts with the crystallization 
of γ phase at the liquidus temperature of 1345 °C 
and terminates at the solidus temperature of 
1120 °C. The precipitation temperature of MC 
carbide locates at 1235 °C. When the temperature 

 
Table 1 Chemical compositions of 718Plus-0Pt and 718Plus-1.5Pt alloys (wt.%) 

Alloy Ni Cr Fe Co Nb Mo Al W Ti Pt 

718Plus-0Pt 51.65 18.02 9.8 9.02 5.54 2.72 1.45 1.00 0.78 0 

718Plus-1.5Pt 50.74 17.81 9.68 8.98 5.52 2.70 1.46 1.01 0.72 1.36 
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Fig. 1 Mass fractions of various phases as function of 
temperature during non-equilibrium solidification for 
both alloys: (a) 718Plus-0Pt; (b) 718Plus-1.5Pt  
 
decreases to 1155 °C, Laves + γ eutectic structure 
forms. At 1140 °C, η phase precipitates from the γ 
matrix. Subsequently, the γ' and γ" phases start to 
precipitate at 965 and 905 °C, respectively. It can be 
seen from Fig. 1(b) that the liquidus and solidus 
temperatures of 718Plus-1.5Pt alloy are 1345 and 
1115 °C, respectively. The precipitation temperature 
of MC carbide is 1255 °C, and the Laves + γ 
eutectic structure forms at 1150 °C. At 1145 °C, η 
phase precipitates from the γ matrix. Whereafter, 
the γ' and γ" phases start to precipitate at 960 and 
865 °C, respectively. It is worth noting that the 
precipitation of metastable γ" phase is caused by the 
non-equilibrium solidification process in 718Plus 
alloy [23]. 

It can be known that Pt decreases the solidus 
temperature, resulting in the increase of the 
solidification range. In addition, Pt reduces the 
precipitation temperature of Laves + γ eutectic 
phase. According to Fig. 1, the solidification   
paths of 718Plus-0Pt and 718Plus-1.5Pt alloys   

are identical, that is: L → L + γ → L + γ + MC →  
L + γ + MC + Laves → L + γ + MC + Laves + η → 
γ + MC + Laves + η + γ' → γ + MC + Laves + η +  
γ' + γ". As a result, Pt does not change the 
solidification path and the type of precipitate phases 
of 718Plus alloy. 

Figure 2 shows the calculated mass fractions 
of the elements in liquid versus solid fraction 
during the non-equilibrium solidification with the 
Schell−Gulliver model. It can be seen that the 
concentrations of negative segregation elements Cr, 
Fe, Co and W in liquid decrease generally as the 
solidification proceeds, while those of positive 
segregation elements Nb, Mo, Pt and Ti increase. In 
addition, Pt does not change the distribution 
tendency of other elements and has little influence 
on the concentrations of elements in the final liquid 
phase. 
 

 
Fig. 2 Solutes distribution during solidification for both 
alloys: (a) 718Plus-0Pt; (b) 718Plus-1.5Pt  
 
3.2 As-cast dendrite microstructure and 

secondary dendritic arm spacing 
A typical dendritic microstructure including 

the dendritic core with higher lightness and the 
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interdendritic region with lower lightness are shown 
in Fig. 3. It can be seen that both alloys exhibit the 
same dendritic microstructure, and the dendritic 
cores consist of primary and secondary dendrites. 
The dendrite morphology at the edge of both ingots 
is columnar due to the faster directional heat 
dissipation conditions at the edges. The dendritic 
microstructure at the 1/2R and center positions 
exhibits a typical cross structure due to three- 
dimensional temperature field heating during the 
solidification [15,22]. 

As a critical microstructure parameter [24,25], 
the secondary dendrite arm spacing in different 
positions is shown in Fig. 4. It is demonstrated that 
the position with the largest secondary dendrite arm 
spacing of both alloys is the center, while the 
secondary dendrite arm spacing at the edge is 
reduced clearly. Compared with 718Plus-0Pt alloy, 
the secondary dendrite arm spacing of 

718Plus-1.5Pt alloy at the same position is larger, 
indicating that Pt increases the degree of dendrite 
segregation. 

 
3.3 Elemental segregation behavior 

The degree of microsegregation between the 
dendrite core and interdendritic region is normally 
characterized with the segregation coefficient     
k [21]. The average segregation coefficient of each 
element at different locations for each alloy is 
recorded in Fig. 5. It is clear that segregation 
coefficients of Cr, Co, Fe, Al and W in both alloys 
are slightly less than 1, indicating that they 
segregate to the dendritic cores and their 
segregation degrees are low relatively. Nb, Mo, Ti, 
and Pt segregate in the interdendritic region and 
display positive segregation characteristics. Ni is 
almost evenly distributed in dendrite core and 
interdendritic region during solidification. 

 

 
Fig. 3 Dendritic microstructures of both alloys: (a, c, e) Edge, middle (1/2R) and center of 718Plus-0Pt, respectively;  
(b, d, f) Edge, middle (1/2R) and center of 718Plus-1.5Pt, respectively 
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Fig. 4 Secondary dendrite arm spacing for both alloys 
 

 
Fig. 5 Segregation coefficients of elements at different 
locations for both alloys 
 

Through Fig. 5, it can be found that the 
segregation degree of Nb element is the highest and 
Ti is the second. For 718Plus-0Pt alloy, the highest 
segregation coefficients of Nb and Ti are 4.11   
and 1.85, respectively. In contrast, the segregation 
coefficient of Nb in 718Plus-1.5Pt alloy is 4.71 and 
that of Ti is 2.94. It is obvious that Pt promotes  
the segregation of Nb and Ti and improves the 
segregation coefficients of these two elements. 
 
3.4 Precipitation behavior of secondary phases in 

interdendritic region 
During solidification, in addition to dendrite 

formation, different precipitates form in the 
interdendritic region due to element segregation. 
For example, a typical harmful TCP phase, i.e. 
Laves phase, will be produced due to the 
segregation of Nb element [26]. Figure 6 shows the 
microstructures of interdendritic region of both 
alloys. It can be seen from Figs. 6(a, b) that massive 
phases appear in the interdendritic region of both 

alloys. The SEM images of phase morphology at 
high magnification are shown in Figs. 6(c, d). The 
points marked with A and B in Figs. 6(c, d) are 
detected by EDS. The EDS results are shown in 
Fig. 7 and confirm the massive phases to be Laves 
phase rich in Nb and Mo. As well known, Laves 
phase forms due to the highly enriched Nb and Mo 
in the interdendritic region [27,28] and is often 
accompanied by γ phase to form the Laves + γ 
eutectic phase [19]. The morphology and 
solidification behavior of similar Laves + γ eutectic 
phase were also studied with the same method in 
other 718-type superalloys [29−31]. The Laves + γ 
eutectic phase is in chain-like shape and relatively 
dispersed in 718Plus-0Pt alloy (Fig. 6(a)), while 
that is in block-like shape and relatively aggregated 
in 718Plus-1.5Pt alloy with obvious increase in size 
(Fig. 6(b)). This means that Pt promotes the 
precipitation of Laves + γ eutectic phase. 

It is observed that the needle-like phase  
exists around the eutectic phase (Fig. 6(d)). The 
composition of this needle-like phase (Point C in 
Fig. 6(f)) is detected by EDS. The composition of 
this phase is close to Ni3Al0.5Nb0.5 [32], indicating 
that it is a η phase. It is obvious that there are more 
η phases around the Laves + γ eutectic phase in 
718Plus-1.5Pt alloy, indicating that Pt promotes the 
precipitation of the η phase. Figures 6(e, f) show 
that there is also the flocculent γ' + γ" phase around 
the Laves + γ eutectic phase in both alloys. This   
is consistent with the simulations during the 
non-equilibrium process in Fig. 1. In general, the 
needle-like η phase and floccular γ' + γ" phase in 
718Plus-1.5Pt alloy are significantly higher in 
amount than those in 718Plus-0Pt alloy. 
 
3.5 Phase transition temperature 

The DSC curves of both alloys during the 
heating and cooling processes are presented in 
Fig. 8. The solidus and liquidus temperatures are 
determined by the cooling and heating curves, 
respectively [21]. The solidus temperature TS and 
liquidus temperature TL of the 718Plus-0Pt alloy  
are 1306 and 1355 °C, respectively, and the 
solidification range TL−TS of the 718Plus-0Pt alloy 
is therefore 49 °C. The 718Plus-1.5Pt alloy exhibits 
a solidus temperature decreasing to 1297 °C and a 
liquidus temperature decreasing to 1353 °C. The 
solidification range of the 718Plus-1.5Pt alloy    
is enlarged to 56 °C. Besides, Fig. 8 displays an  
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Fig. 6 Morphologies of different phases in center of both alloy ingots: (a, c, e) 718Plus-0Pt; (b, d, f) 718Plus-1.5Pt  
 
obvious reaction peak for phase transformation in 
the cooling curves of both alloys. On these bases, 
the precipitation temperatures of the Laves + γ 
eutectic phase in 718Plus-0Pt and 718Plus-1.5Pt 
alloys are 1152 and 1149 °C, indicating that Pt 
reduces the precipitation temperatures of eutectic 
phase. The phase transition temperatures are 
summarized in Fig. 9. 
 
4 Discussion 
 
4.1 Promoted segregation of Nb and Ti 

As illustrated by Figs. 1, 8 and 9, DSC 
measurement and thermodynamic calculation prove 
that Pt decreases solidus temperature and 
precipitation temperatures of the Laves + γ eutectic 
phase in 718Plus alloy and increases its 

solidification range. This phenomenon agrees well 
with previous research of LIN et al [17]. It is 
confirmed that Pt occupies the lattice sites of Ni and 
thus leads to the increase in the lattice of the γ phase 
due to the larger atomic radius of Pt [33,34]. 
Moreover, it is known from the pseudo-binary 
phase diagram [35] that Pt enlarges the region of γ 
phase by increasing Nb solubility. Thus, Pt 
increases solidification range of 718Plus alloy and 
decreases precipitation temperatures of the eutectic 
phase. In addition, the greater the solidification 
temperature range is, the longer the time for 
complete solidification is, and the severer the 
microsegregation is. Therefore, Pt increases the 
microsegregation during the solidification. This is 
also the reason that Pt increases the secondary 
dendrite arm spacing (see Fig. 4). 
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Fig. 7 EDS analyses of different phases in center of  
both alloy ingots: (a) Point A in Fig. 6(c); (b) Point B in 
Fig. 6(d); (c) Point C in Fig. 6(f) 
 

Figure 5 displays that segregation coefficients 
of Nb and Ti are much higher than those of Al, Cr, 
Fe, Co, Ni, Mo, and W. Besides, the segregation 
coefficients of Nb and Ti are promoted significantly 
by Pt. The chemical bonds of intermetallic 
compounds are basically metallic bonds, and the 
bonding energy is directly proportional to 
electronegativity difference [6]. According to the 
electronegativity value calculated by GHOSH and 

 

 
Fig. 8 DSC curves during heating and cooling processes 
for both alloys: (a) 718Plus-0Pt; (b) 718Plus-1.5Pt 
 

 
Fig. 9 Phase transition temperatures of both alloys 
 
CHAKRABORTY [36], the electronegativity value 
of Pt is 7.72 eV, and that of Nb and Ti is 3.50 and 
3.14 eV, respectively. Therefore, it is considered 
that Pt and Nb/Ti have strong binding energy. The 
strong binding energy between Pt and Nb can also 
be proved by the Nb−Pt binary phase diagrams,  
i.e. Nb3Pt phase can be found in binary phase 
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diagrams [37,38]. Since Pt tends to segregate to the 
interdendritic region and has strong 
electronegativity, it attracts Nb and Ti to enrich in 
the interdendritic region and thus increases 
microsegregation degree of Nb and Ti elements. 
 
4.2 Improvement of precipitation 

The precipitation behaviors of the secondary 
phases in the interdendrite region exhibited in Fig. 6 
display that Pt promotes the precipitation of the 
Laves + γ eutectic and η phases around eutectic 
phase. On the one hand, EDS results in Fig. 7 show 
that Pt exists in eutectic phase and η phase. This 
implies that Pt is a forming element of the two 
phases and promotes their precipitation inevitably. 
On the other hand, Pt promotes the segregation 
degrees of Nb and Ti in the interdendritic region. 
The accumulation of Pt, Nb and Ti promotes the 
precipitation of the Laves + γ eutectic and η phases 
naturally. It is worth noting that η phase often 
precipitates close to eutectic phase (see Figs. 6(c, d)). 
The EDS results in Fig. 7 demonstrate that both 
eutectic and η phases comprise high content of Nb, 
and Nb content in eutectic phase is even higher. In 
this case, when the eutectic phase grows, it 
consumes the Nb element nearby. Due to the slow 
diffusion of Nb [39,40], once the Nb content nearby 
is not high enough to facilitate the growth of the 
eutectic phase, η phase begins to nucleate at the 
eutectic/γ interface and grows. 

Figures 6(e, f) illustrate that Pt increases the 
quantity of γ' + γ" phase around eutectic phase. As 

preceding descriptions, the eutectic phase consumes 
Nb and Ti elements. At the same time, it discharges 
Al and Ni and aggravates the Al and Ni enrichment 
around eutectic phase. The accumulation of Al and 
Ni, combined with the remaining Nb, leads to the 
solidification of interdendritic Al-rich γ' + γ" phase 
at the last stage of the solidification. Moreover, the 
increase in the solidification range caused by Pt 
allows more time for γ' + γ" phase to precipitate and 
grow. In this case, γ' + γ" phase has larger size and 
higher quantity. 
 
4.3 Roles of Pt in solidification 

Figure 10 shows the schematic diagram of the 
roles of Pt in the solidification of 718Plus alloy. Pt 
enlarges the region of γ phase by increasing Nb 
solubility, and thus decreases solidus temperature, 
increases solidification range and decreases 
precipitation temperature of eutectic phase. The 
increase in the solidification range promotes the 
secondary dendrite arm spacing and the segregation 
of Nb and Ti in the interdendritic region. Moreover, 
Pt segregates to the interdendritic region during the 
solidification and has strong electronegativity. Thus, 
it attracts Nb and Ti to enrich in the interdendritic 
region. In addition, Pt promotes the precipitation of 
the Laves + γ eutectic and η phases since Pt is the 
forming element of eutectic and η phases and 
promotes the segregation of Nb. The intensified Nb 
segregation and the increased solidification range 
give more time for γ' + γ" phase to precipitate and 
grow. 

 

 
Fig. 10 Qualitative schematic diagram of roles of Pt in solidification  
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5 Conclusions 
 

(1) Pt decreases solidus temperature, increases 
solidification range of the 718Plus alloy and 
decreases precipitation temperature of Laves + γ 
eutectic phase because Pt enlarges the region of γ 
phase by increasing Nb solubility. 

(2) Pt segregates to the interdendritic region 
and increases the segregation degree of Nb and Ti 
in the interdendritic region due to the strong 
attractive interaction between Pt and Nb/Ti. Pt is the 
forming element of eutectic and η phases and thus 
promotes the precipitation of the Laves + γ eutectic 
and η phases around eutectic phase. 

(3) The increase of solidification range and 
segregation degree of Nb, Al and Ni caused by Pt 
promotes the precipitation and growth of γ' + γ" 
phase around eutectic phase. 
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摘  要：采用扫描电子显微镜(SEM)、能谱仪(EDS)、差示扫描量热法(DSC)和模拟计算研究含 Pt 高温合金 718Plus
的凝固行为。结果表明：Pt 的添加通过增加 Nb 的溶解度、扩大 γ相区范围来降低合金的固相线温度和 Laves + γ
共晶相的析出温度，从而增大凝固范围。Pt 偏析于枝晶间区域，Pt 与 Nb/Ti 间强吸引的相互作用使枝晶间 Nb 和

Ti 的偏析增加，因此促进 Laves + γ共晶相及其周围 η相的析出。Pt 添加导致的凝固范围增大、Nb 和 Al 的偏析

程度的增加促进共晶相附近 γ' + γ"相的析出和长大。这些结果为理解 Pt 在高温合金凝固行为中的作用机理提供了

实验依据。 
关键词：铂；凝固行为；718Plus 高温合金；共晶 
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