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Abstract 

In IN100 superalloys, Zr element was found to distribute along the interfacial 

boundaries between eutectic pools and the matrix in the form of Ni11Zr9 intermetallic 

compound, using time-of-flight secondary-ion-mass-spectrometry. Zr addition could 

effectively decrease the solidus temperature of IN100 alloys, affecting the 

solidification zone, which also promotes the formation of γ-γ' eutectics and influences 

the morphology of carbides.  

 

Keywords: casting; superalloy; secondary ion mass spectroscopy (SIMS); minor 

alloying element; segregation. 
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1. Introduction 

Nowadays, with the increasing demand for high-temperature heavy duty tasks, 

Ni-based superalloys have found their extensive applications in aggressive service 

conditions, such as aircraft-engine combustion chambers, power generation industries, 

where excellent high-temperature mechanical properties and hot-corrosion resistance 

is required[1,2]. The unique properties of Ni-based superalloys primarily attributed to 

the existence of an FCC Ni-based matrix (γ solid solution), strengthened by L12-Ni3Al 

type (γ’ phase) or D022-Ni3Nb type (γ’’ phase) precipitates, solute atoms as well as 

certain carbides[1,3]. During the manufacturing of Ni-based superalloys, alloying 

elements play essential roles in optimizing the microstructure and physical properties 

in order to satisfy the demanding performance requirements[1,4]. Comprehensive 

investigations have been performed to understand the influences of various alloying 

elements, including both major elements and minor (trace) elements, on the 

microstructure, precipitation behavior, structural properties in Ni-based 

superalloys[3,5–9].  

Among these alloying constituents, minor elements are quite ubiquitous in 

polycrystalline superalloys. Although these elements correspond to quantities on the 

magnitude of several hundred ppm, their functions are quite significant and essential 

in determining the service performance, and can be either beneficial or harmful, 

depending on the compositions[2,10]. For instance, it has been widely reported that 

the existence of minor alloying elements-Zr and B, provides major improvements in 
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creep resistance and hot workability due to the stabilization of grain boundaries (GB) 

by Zr and B’s segregation at GBs during solidification as well as the reduction of 

diffusion rates[10,11]. Besides, previous studies also state that the existence of Zr 

could act as a scavenger to reduce detrimental trace element, such as sulfur, exerting 

beneficial effects on the high-temperature properties[10,12,13]. 

Despite the long-standing studies of minor alloying element influences on the 

microstructure and mechanical properties, an in-depth investigation regarding the 

interaction mechanisms of Zr with major elements like Ni, Al etc. and phase 

components including γ and γ’ phases in Ni-based superalloys is still lacking[14]. 

Among these problems, clarifying the distinct distribution of Zr within alloys 

becomes the major concern. Although it has been generally assumed that in Ni-based 

superalloys Zr tends to segregate to GBs or interfacial boundaries due to odd sizes and 

relatively low solubilities in γ/γ' phases, few direct experimental characterizations 

have been reported so far. Huang and Koo, S. Wang et al. used Auger electron 

spectrometry to determine the segregations of Zr in CM 247 LC and TM321 

superalloys respectively, where Zr is found to segregate at interfaces between matrix 

and borides/carbides, and may dissolve into carbides or matrix[6,15]. J Zhang et al. 

found that in IN718C alloy Zr tends to segregate into Laves phases, using electron 

probe[16]. However, their work did not present clear morphology and accurate 

distributions of Zr-rich phases in superalloys. 

Secondary Ion Mass Spectrometry (SIMS) is a useful technique in elemental 

detection and depth profiling for surface analysis. The high sensitivity would allow 
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for parts-per-million (ppm) detection, especially for light elements, such as B and 

H[17,18]. Time of Flight SIMS (TOF-SIMS) instrument was later developed. Other 

than quadrupole or magnetic sector analyzers on SIMS which could allow observation 

of only a few ions in one analysis, time of flight analyzers allow parallel acquisition 

of all ions within a given mass range. Using SIMS techniques, direct evidence of B 

distribution at GBs has already been reported by Walsh et al. back in 1975[19] and 

more recently, by Kontis et al. using Nano-SIMS, with a spatial resolution down to 

tens of nanometer[20]. Nevertheless, no detailed SIMS work has been expanded into 

the determination of Zr distributions by far. 

In this work, the IN100 superalloy is used for investigation. This alloy was 

developed in the early 1960s, but is still widely used today as heat-resistant gas 

turbines parts in cast or powder metallurgy form[21]. The segregation of Zr element 

in IN100 is characterized using TOF-SIMS. The influences of Zr existence on the 

solidification character and microstructure are also studied.  

 

2. Experimental procedures 

The nominal composition of IN100 superalloy is shown in Table 1. The master 

alloy is smelted in a vacuum induction furnace, then re-melted and cast into 6 groups 

of tensile test bars with different Zr contents. The analysis content (mass fraction) of 

Zr element is controlled at 0, 500, 700, 900, 3000 and 5000 ppm, respectively.  
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Table 1. Nominal chemical composition of tested IN100 superalloy (in wt.%) 

Element Ni Cr Co Mo Al Ti Fe V B Zr 

Composition Bal. 9.5 15.0 3.1 6.2 5.0 0.01 0.80 0.05 0~0.50 

 

The effect of Zr on the solidification process was analyzed using a 

high-temperature comprehensive thermal analyzer (DSC) at a heating/cooling rate of 

10℃/min. X-ray diffraction, optical microscope (OM), scanning electron microscope 

(SEM) are used to characterize the microstructure. A TESCAN GAIA3 

SEM-FIB-TOF-SIMS instrument is employed for the detection of elemental 

distributions with a 30kV Ga+ primary ion beam. The mass spectrometry detection 

limit is 3 ppm and spatial resolution is 40 nm in horizontal direction and 3 nm in 

depth. The Zr-segregated area in IN100 samples is directly obtained using Focused 

Ion Beam, which is then observed in an FEI Talos F200X transmission electron 

microscope (TEM).  

 

3. Results and discussions 

Thermo-Calc® (TCNI 8 database) is used to simulate the solidification process 

and phase components of the IN100 alloys, as shown in supplementary Fig. S1 and S2. 

According to calculated results, the solidification and precipitation sequence of major 

phases in IN100 should be liquid → γ + γ' → carbides → σ. The experimental results 

from DSC measurements are summarized in supplementary Fig. S3. The evolution of 
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transition temperatures in IN100 alloys containing different Zr contents are presented 

in Fig. 1, which shows the comparisons between calculated predictions using 

Thermo-Calc and DSC measurements. It can be seen that both solidus and liquidus 

temperatures start to decrease after Zr additions, compared to samples without Zr. In 

DSC measurements, as shown in Fig. 1 b), for alloys containing Zr, with an increasing 

Zr content, the liquidus temperature varies from 1332.9℃ to 1330.4℃, which does 

not change much. Whereas an obvious decrease in the solidus temperature is observed 

from 1277.0℃ for Zr-500 down to 1263.5℃ for Zr-5000. The difference between 

liquidus and solidus temperature, ΔT, first decreases and then increases after reaching 

a minimum value of 54.9℃ at 700 ppm Zr. In calculated results, similar trends can be 

found according to Fig. 1 a), while the decrease in solidus temperature is more 

significant than experiments. The above results suggest that Zr addition can 

effectively decrease the solidus temperature while maintaining liquidus line at a 

certain value in IN100 alloys. Proper Zr content (~ 700 ppm) could narrow the 

solidification zone, which might indicate an improvement of casting fluidity. 
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Figure 1. The evolution of transition temperatures in IN100 alloys containing different 

Zr contents: a) Thermo-Calc predictions; b) DSC measurements. ΔT=Tliquidus-Tsolidus. 

 

Microstructural observations are conducted in order to analyze the grain size, 

precipitation/eutectic phase morphologies in IN100 alloys with different Zr contents. 

It can be seen from the metallographic images in Fig. 2 that IN100 alloys present 

typical as-cast columnar dendrite structure with interdendritic eutectics existing 

between the dendrites, mainly composing of γ and γ' phases. Besides, carbides with 

irregular morphologies, inclusions as well as porosity defects can be observed within 

the grains. In order to quantify the effects of Zr existence on the casting 

microstructure, the volume fractions of eutectic pools and micro-porosity are 

calculated based on the obtained metallographs of IN100 alloys with different Zr 

contents, as shown in Table 2. It shows that with increasing Zr content, the volume 

fractions of both eutectic pools and micro-porosity increases accordingly, where when 
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Zr content reaches over 3000 ppm, significant amount of eutectic regions (≥7.4%) and 

micropores (≥0.4%) can be observed. 

 

Figure 2. Optical microscope observations of IN100 alloys with different Zr contents: 

a) 0 ppm; b) 500 ppm; c) 700 ppm; d) 900 ppm; e) 3000 ppm; f) 5000 ppm.  

 

Table 2. The volume fractions of eutectics and micropores in IN100 alloys with 

different Zr contents (in %) 

Zr content(ppm) 

0 500 700 900 3000 5000  

Morphology 

Eutectic pools 2.7% 3.4% 4.9% 5.2% 7.4% 12.9% 

Micropores 0.1% 0.1% 0.2% 0.2% 0.4% 0.6% 

 

SEM is used to further observe the morphology and structure of γ and γ' as well 

as other precipitated phases, as shown in Fig. 3. The most significant change is the 
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size of eutectic pools, which increases from 10~20 μm at low Zr content, to 60~80 μm 

when Zr content reaches over 3000 ppm. Combining metallographic observations, it 

can be concluded that the increasing Zr content leads to three main changes: 1) The 

volume fraction and size of interdendritic eutectics increases significantly; 2) Obvious 

shrinkage porosity defects start to appear at Zr = 900 ppm, and keep rising in quantity; 

3) The carbide morphology also changes, varying from long script-like to particle-like 

pieces. Besides, in order to determine the specific crystal structure of phases in IN100 

alloys, XRD analysis was performed and the result are presented in supplementary 

Fig. S2. The X-ray diffraction patterns show that all three samples (Zr content ranging 

from 500 to 900 ppm) show obvious γ and γ' diffraction peaks. Meanwhile, carbides 

(mainly, TiC phase) diffraction peaks are also indexed, indicating significant amount 

of carbides in IN100 alloys.  

 

 

Figure 3. SEM observations of IN100 alloys with different Zr contents: a) 0 ppm; b) 

500 ppm; c) 700 ppm; d) 900 ppm; e) 3000 ppm; f) 5000 ppm. 

Jo
ur

na
l P

re
-p

ro
of



 - 10 - 

 

It is widely known that Zr element, although existing in trace amount, stills plays 

an important role in tuning the microstructure and mechanical properties in Ni-based 

superalloys. As has been mentioned above, previous reports regarding the 

determination of Zr segregations in superalloys fail to provide clear Zr-rich phase and 

accurate distributions, including EDS, AES, EPMA. Although atom-probe 

tomography has been reported to be useful in providing precise measurement of minor 

alloying elemental segregations, such as Zr and B, the detection area cannot be scaled 

up and thus overall distribution characterization is impossible[20,22]. As a result, in 

present work, TOF-SIMS analysis was employed and accurate distributing conditions 

of Zr element can been revealed accordingly, where typical regions are chosen and 

presented in Fig. 4. These representative elemental mappings indicate that the 

distribution of major composing elements can be clearly observed using TOF-SIMS at 

positive-ion mode, including Al, Ti, Ni, Cr and Mo. These major elements exhibit 

different segregation preferences in different phase areas, where Al and Ti tend to 

accumulate in the γ-γ' eutectic pools region while Ni and Cr prefer to stay in the γ 

matrix. The existence of Zr can also be distinctly observed, which tends to distribute 

along the edge of the sun-flowered eutectic pools area. Based on extensive 

observations and adequate analysis, we found that instead of the grain boundaries, Zr 

element prefers to stay with the interfacial boundaries between eutectics and the 

matrix, which include both intragranular and intergranular eutectics. This confirms the 

distinct segregations of minor alloying element Zr in IN100 Ni-based superalloys. 
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Meanwhile these findings do not contradict with previous assumptions that Zr tends to 

locate at GBs, e.g., as indicated in Fig. 4 c). But the segregation mechanism has been 

changed, not because of the existence of GBs, but due to the locations of eutectic 

pools at GBs.  

 

Figure 4. TOF-SIMS spectra indicating representative elemental distributions in 

IN100 alloys with different Zr contents: a) 500 ppm; b) 900 ppm; c)5000 ppm; b) and 

c) displayed elemental distributions at two magnifications: upper, 2000x and lower, 

5000x. 
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In addition, Fig. 4 also implies that with increasing Zr content, the presence of 

Zr-rich phases becomes more significant, because the amount and average size of γ-γ' 

eutectic pools increase accordingly. In Fig. 4 b) and c), the magnified images (5K) of 

IN100 alloys with 900 ppm and 5000 ppm Zr show that in Zr-containing phases, C 

and O co-segregation is also observed, as determined under negative-ion mode in 

TOF-SIMS, suggesting that Zr could act as a gettering element for purifications of 

interfacial boundaries. Besides, elemental distributions of Chinese script Ti-carbides 

are also clearly displayed, where segregations of Ti and Mo elements are presented 

(Fig. 4 a)), indicating that apart from γ, γ' phases, significant amount of Ti carbides 

exist within IN100 alloys, in accordance with XRD analysis results. 

Although elemental distributions can be distinctly obtained using TOF-SIMS 

technique, the exact composition of the target phase cannot be determined directly. 

Therefore, a specific Zr-containing area was obtained in-situ using FIB from IN100 

alloy with 900 ppm Zr and analyzed subsequently with HR-TEM, as shown in Fig. 5 

a). Fig. 5 b) shows the STEM image of IN100 alloy with Zr-containing region, where 

the morphology of Zr-rich phase can be clearly observed, exhibiting a thin 

curved-strip shape. In order to determine the crystal structure and atomic composition, 

selected area diffraction and EDS analysis were performed, as indicated in Fig. 5 b) 

and c) (point analysis results are listed in Table S1). Combining the SAED pattern 

(top-right one in Fig. 5 b)) and EDS point analysis results, a determination can be 

drawn, where the Zr-rich phase is identified as a Ni11Zr9 intermetallic compound 
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(Pearson Symbol: tI40), containing Ni and Zr, together with small amount of Al, Ti, 

Cr, C and O. 

 

Figure 5. a) The selected site of interest for TEM observations in IN100 alloy 

containing 900 ppm Zr using FIB; b) TEM images of the FIB-machined sample and 

selected area electron diffraction patterns of the Zr-rich phase (upper) and the matrix 

(lower); c) Elemental distribution mappings of the Zr-rich phase with regard to Zr, Al, 

Ti, Mo, Ni, Cr and C, respectively. 
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From above experimental results, the influences of Zr content variation on the 

solidification behavior and as-cast microstructure can be clearly elucidated. According 

to Holt and Wallace, Zr element plays an effective role in depressing the solidus of 

Ni[10]. Therefore, an increase in Zr content would cause significant decrease in the 

solidus line of IN100 alloys, which affects solidification zones. Moreover, higher Zr 

would increase segregations in IN100 and promote γ-γ' eutectics formation, which has 

been theoreically explained by Zhou et al. in a Ni-Al system using effective 

distribution coefficient, ke [23]. The result is also in good accordance with Wood’s 

findings in IN738 castings[10]. Meanwhile, at high Zr content (> 900 ppm), the 

broadened mushy zone fails to provide sufficient feeding capacity, thus causing 

increased amount of micro-porosities and, possibly, deteriorated creep properties. 

Therefore, combining with DSC results analysis, an optimum Zr content of ~ 700 

ppm is recommended and no higher than 900 ppm. 

On the other hand, the preferred segregation behavior of Zr in IN100 alloys can 

also be explained. This relates to the fact that as surface active element, Zr could 

increase the volume fraction of residual liquid and thus promotes the fluidity[16], 

which can be verified from the decreased solidus temperature with increasing Zr 

content. Wherefore, when solidification occurs, due to a limited solubility in the 

matrix and eutectic pools, Zr gets segregated and precipitated, distributing around the 

last solidified, eutectic regions. 
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4. Conclusions 

To sum up, in IN100 Ni-based superalloys, using TOF-SIMS analysis, we found 

that Zr element prefers to stay with the interfacial boundaries between eutectic pools 

and the matrix in the form of Ni11Zr9 intermetallic compound, which include both 

intragranular and intergranular eutectics. The addition of Zr could effectively decrease 

the solidus temperature of, affecting the solidification zone, which also promotes the 

formation of γ-γ' eutectics and influences the morphology of carbides.  

This work confirms the distinct distribution and segregation behavior of Zr 

element in IN100 superalloys. The characterization method can be used to determine 

the presence and segregations of other essential minor/trace elements in superalloys, 

providing guidance for the metallurgical quality control in commercial superalloys.  
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