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a b s t r a c t 

Platinum has a beneficial effect on improving alumina scale adhesion and decreasing the alpha alumina 

growth of aluminide bond coats in thermal barrier coatings. However, complex phases form among Ni, Al 

and Pt during service due to diffusion between bond coat and underlying Ni-base superalloy substrate. 

A combinatorial/high-throughput approach to study alloy phase equilibria with precious compositions is 

high-efficient and cost-saving. The microstructural evolution of a Ni-Al-Pt diffusion triple fabricated by 

annealing at 1100 °C for 96 h followed by water-cooling was characterized by transmission electron mi- 

croscopy and electron probe microanalysis. The high temperature Pt 3 Al(h) phase is stabilized due to dis- 

solved Ni, indicating that Ni is a stabilizer for Pt 3 Al(h). A ternary phase, Ni 2 PtAl, predicted to exist, has 

been observed experimentally with L1 2 structure adjacent to (Ni,Pt) 3 Al, while the L1 0 -structured tetrag- 

onal NiPt 2 Al phase is also confirmed in the Ni-Al-Pt system. Upon cooling, the Ni-rich β-(Ni,Pt)Al un- 

dergoes a martensitic transformation from β (B2) to β ′ -(Ni,Pt)Al (L1 0 ). The orthorhombic D 

19 
2h 

-structured 

(Ni,Pt) 5 Al 3 phase with lattice parameters a = 0.747 nm, b = 0.682 nm, and c = 0.376 nm was found to 

form from β ′ -(Ni,Pt)Al martensite. The orientation relationship of D 

19 
2h 

and β ′ phases is (100)[010] D 

19 
2h // 

(10 0)[0 01] β ′ . (221) twins are observed in lamellar (Ni,Pt) 5 Al 3 . Phase constitution is determined in the 

Ni-Al-Pt system at 1100 °C. The mechanism of formation of (Ni,Pt) 5 Al 3 from β ′ -(Ni,Pt)Al was analyzed. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Nickel-base superalloys are utilized in aircraft and widely in 

ower-generation turbine engines because of an excellent combi- 

ation of elevated-temperature strength, toughness, and resistance 

o degradation in oxidizing or hot-corrosive environments [1–3] . 

uboidal γ ′ -Ni 3 Al precipitates with coherent interfaces with the 

-Ni(Al) matrix and cube-on-cube crystallographic orientation re- 

ationship form the classic two-phase γ + γ ′ microstructure. The 

1 2 structured γ ′ precipitate is the primary strengthening phase 

nd key prerequisite for the success of nickel-base superalloys. Any 

urther significant improvements in efficiency of an engine require 

uch higher operating temperatures, particularly for the compo- 

ents in advanced gas-turbine engines. However, superalloys are 
∗ Corresponding authors. 
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lready used at up to 90% of their melting temperatures [4] . There- 

ore, advanced cooling schemes coupled with thermal barrier coat- 

ngs (TBCs) are extremely important and enable the current su- 

eralloy components to meet much more severe operating condi- 

ions. TBCs afford a temperature reduction of approximately 140 °C, 

hereby preventing thermomechanical failure of the components 

5] . State-of-the-art TBCs consist of a three-layered architecture. 

he top coat is a ceramic thermal insulator, the intermediate ther- 

ally grown oxide (TGO) layer provides oxidation resistance, and 

he metallic bond coat (BC) adheres to the substrate and aids in 

he formation of the TGO. The typical BC is made of nickel alu- 

inides, which is designed to supply enough aluminium to en- 

ble the formation of α-Al 2 O 3 in preference to other oxides. Dur- 

ng thermal cycling the interdiffusion between BC and the under- 

ying Ni-base superalloy matrix at high-temperature results in the 

ormation of Al-rich to Ni-rich phases [ 6 , 7 ]. Upon cooling the Ni-

ich β-NiAl phase will undergo a martensitic transformation from 

(B2) to β ′ -NiAl (L1 0 ) [8–15] . During continuous growth of the 

GO layer the concentration of Al is further reduced causing the 

https://doi.org/10.1016/j.actamat.2021.116703
http://www.ScienceDirect.com
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Fig. 1. Schematic illustration of the Ni/Al/Pt diffusion triple: (a) longitudinal section 

dimensions (in mm), (b) inner structure, and (c–f) assembly using extrusion and 

electron-beam welding (EBW). 
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hase transformation from β to γ ′ in BC [ 6 , 16 ]. It is known that

t is a beneficial addition for improving the high temperature ox- 

dation resistance as well as the adhesion of the TGO to BC [ 3 , 17–

9 ]. It has been shown that Pt addition prevents the formation of 

rittle Ni-rich oxides in Ni-Al alloys with low Al content [20] . How- 

ver, the effect of Pt is still not well understood, because there is 

 paucity of information pertaining to the phase equilibria in the 

i-Al-Pt system. 

Experimental works [ 19 , 21–30 ] and first-principles calculations 

31–35] have attempted to shed light on the complicated Ni-Al-Pt 

ystem. For example, Jackson and Rairden [21] studied the Ni-Al-Pt 

sothermal section by analyzing the chemistry and morphology of 

he oxidation of platinum-aluminide coatings on Inconel 738 alloy 

t 1060 °C, and did not find any Ni-Al-Pt ternary phases. In con- 

rast, a ternary NiPt 2 Al phase was observed in the phase stability 

tudy of (Ni,Pt) 3 Al alloys at 1100 °C by Kamm and Milligan [22] . The

ompositional range of the NiPt 2 Al phase was determined. At fixed 

l composition of 25 at.%, the single-phase L1 0 structured NiPt 2 Al 

eld exists at least from 37 to 50 at.% Pt. Later, the same ternary 

iPt 2 Al phase was reported by Meininger and Ellner [23] in the an- 

ealed Ni 0.75-x Pt x Al 0.25 (0.37 ≤ x Pt ≤ 0.50) alloys at 10 0 0 °C, while

 continuous solid solution between the Ni 3 Al and Pt 3 Al phases 

as not found. Recently, Gleeson et al . [ 19 , 24 ] studied the partial

i-Al-Pt phase diagrams at 1100 °C and 1150 °C by solid-solid diffu- 

ion couples. The most noteworthy finding is a ternary phase, de- 

oted as α-NiPt(Al), which possesses a L1 0 -type structure. It has a 

arge Pt solubility ranging from about 33 - 66 at.% and skews along 

n almost constant Pt/Al ratio of 1.5. Based on diffraction of syn- 

hrotron radiation the unit cell of α-NiPt(Al) is the same as that of 

iPt 2 Al, which is consistent with that reported by Grushko et al. 

 27 , 28 ]. Jiang et al. [ 31 , 32 ], Lu et al. [33] , Alam et al. [34] , and Liu

t al. [35] have studied the phase stability in Ni-Al-Pt with a com- 

ination of first-principles calculations, a cluster expansion tech- 

ique and a Monte Carlo simulation, yielding two ordered struc- 

ures, Ni 2 PtAl and NiPt 2 Al, the latter being in good agreement with 

xperiments [22–30] . In addition, Grushko et al . [ 27 , 28 ] found out

hat at 1100 °C the Pt 2 Al 3 , Pt 2 Al, and Pt 3 Al phases dissolve up to 4,

, and 15 at.% Ni, respectively, but their crystal structures with Ni 

olution have not been analyzed. At higher Al content (33.5 ~ 37.3 

t.%), in the Ni-Al system an orthorhombic D 

19 
2h 

structured Ni 5 Al 3 
hase, first identified by Enami and Nenno [36] , can form. The 

i 5 Al 3 phase displays a martensite-like morphology and is believed 

o form via β ′ martensite or β-NiAl [36–40] . Because of many un- 

nown aspects and inconsistent results especially with Pt solution, 

he Ni 5 Al 3 phase still appears to be a relatively peculiar phase. 

A combinatorial approach offers a unique opportunity to char- 

cterize the phase stability and interdiffusion characteristics of a 

ide variety of multicomponent systems. Moreover, the use of dif- 

usion multiples to study alloy phase equilibria especially with pre- 

ious metals could be highly efficient and cost-saving [ 25 , 41 ]. It

s the aim of this research to get a deeper and more comprehen- 

ive understanding of the effect of Ni on the stability of Pt-Al com- 

ounds, to explore the phase constitution of ternary phases includ- 

ng Ni 2 PtAl and NiPt 2 Al, and to understand the formation mecha- 

ism of the (Ni,Pt) 5 Al 3 phase. For this purpose, a solid-liquid-solid 

i/Al/Pt diffusion triple was prepared without any clamps, and the 

ssembly is pressed into a nickel tube and sealed with nickel caps 

y electron beam welding in vacuum. Pure Al as one component 

an supply enough Al to form the Al-rich phases in the interdif- 

usion zones. Details are shown in Fig. 1 of the experimental sec- 

ion and in our previous work [42] . The phase constitution after 

nnealing at 1100 °C was analyzed by using scanning electron mi- 

roscopy (SEM), electron probe microanalysis (EPMA), transmission 

lectron microscopy (TEM), and high-angle annular dark-field scan- 

ing transmission electron microscopy (HAADF-STEM) combined 

ith energy dispersive X-ray spectroscopy (EDXS). 
2 
. Experimental procedure 

The Ni-Al-Pt diffusion triple was manufactured by Al, Ni, and Pt 

f 4N purity. As shown in Fig. 1 a, all parts of the diffusion triple

ere cut into shapes by electrical discharge machining (EDM), 

round to 50 0 0-grit finish using SiC papers, and ultrasonically 

leaned in acetone. The Pt block was arranged in the inner sleeve 

consisting of Al and Ni blocks), as shown in Fig. 1 b. The inner

leeve and the Ni tube were assembled as displayed in Fig. 1 c 

nd d. Next, two Ni caps were placed on the ends of the Ni tube

 Fig. 1 e) and electron-beam welded (EBW, SEBW60-6P) in vacuum 

f 1 × 10 −2 Pa ( Fig. 1 f). This design can prevent Al from evap-

ration or oxidation and isolate any interstitial contaminants that 

ay diffuse into the inner sleeve during the annealing process. The 

i/Al/Pt diffusion triple was then sealed in a high-purity quartz 

ube under an argon atmosphere and annealed at (1100 ±1) °C for 

6 h in a muffle furnace (LAC LH15/13). In order to preserve the 

igh-temperature state, cooling was established by breaking the 

uartz tube in water. The diffusion triple was cut in half parallel 

o the caps by EDM, ground and polished without etching. 

Operated at an acceleration voltage of 20 kV a Shimadzu 

720 EPMA coupled with wavelength dispersive X-ray spectroscopy 

WDS) was used to measure the composition profiles of the in- 

erdiffusion zone at an accuracy of ~3 at.%. Before the preparation 

f TEM specimens, surface micrographs of the interdiffusion zone 

ere taken by SEM in LEO Gemini 1530 and FEI Helios 600i mi- 

roscopes. Focused-ion-beam (FIB, FEI Strata 400 and 600i) milling 

as used to prepare cross-section TEM lamellae with the standard 

ift-out technique [43] . TEM bright-field (BF) imaging and selected 

rea electron diffraction (SAED) were performed in JEOL 2010F, 

hilips CM 200 and FEI Tecnai G2 electron microscopes equipped 

ith field emission guns operated at an acceleration voltage of 200 

V. The distribution of Al, Ni, and Pt was analyzed by HAADF- 

TEM in combination with EDXS using JEOL 2100F and FEI Tecnai 

siris transmission electron microscopes operated at an accelera- 

ion voltage of 200 kV. 

. Results 

Fig. 2 a is a cross-sectional backscattered-electron (BSE) SEM mi- 

rograph showing a representative interdiffusion zone of a Ni/Al/Pt 

iffusion triple after 96 h annealing at 1100 °C, followed by wa- 
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Fig. 2. (a) Cross-sectional BSE SEM micrograph of Ni/Al/Pt diffusion triple. Positions (Pos.) 1 - 7 are places where TEM specimens were prepared by FIB milling, (b) the 

isothermal section of Ni-Al-Pt at 1100 °C [35] , EPMA concentration profiles of the Pos. (c) 1, (d) 2 and 3, (e) 4 - 6, and (f) 7. The capital letters behind the phase assignments 

are markers for regions studied by TEM. 
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er cooling. Fig. 2 b shows the isothermal section of Ni-Al-Pt at 

100 °C determined by Liu et al. [35] , and fcc, L1 2 , L1 0 and B2

epresent γ -Ni(Pt,Al), γ ′ -(Ni,Pt) 3 Al (left) /Pt 3 Al (right), α-NiPt 2 Al 

nd β-(Ni,Pt)Al, respectively. The EPMA concentration line profile 

f position (Pos.) 1 shown in Fig. 2 c indicates that this area may

elong to the Al-rich β-(Ni,Pt)Al phase. Pos. 2 also analyzed by 

PMA reveals the presence of Al and Pt with an approximate Pt 

o Al ratio of 2: 3 with 0.5 - 2.0 at.% Ni and therefore corre-

ponds to the Pt 2 Al 3 phase ( Fig. 2 d) [44] . The area between Pos.

 ( β-(Ni,Pt)Al) and Pos. 2 (Pt 2 Al 3 ) could be Pt(Ni)Al 2 based on the

PMA concentration profiles shown in Fig. 2 c. The EPMA concen- 

ration profiles in Fig. 2 d at Pos. 3 also contain 1.7 - 3.0 at.% Ni,

ith a Pt: Al ratio close to 2: 1, revealing the Pt 2 Al phase, and

tAl, Pt 3 Al and Pt(Ni,Al) phases exist as shown in Fig. 2 d. Fig. 2 e

hows EPMA concentration profiles across the Pos. 4 - 6 indicating 
3 
hat the multilayered interdiffusion zones are possibly comprised 

f Pt 3 Al, α-NiPt 2 Al, γ # -Ni 2 PtAl, γ ′ -(Ni,Pt) 3 Al, and γ -Ni(Pt,Al). Ac- 

ording to the EPMA concentration profiles shown in Fig. 2 f, Pos. 7 

ay consist of γ ′ -(Ni,Pt) 3 Al and Ni-rich β-(Ni,Pt)Al, the occurrence 

f β ′ -(Ni,Pt)Al martensite in Pos. 7 in the following TEM investiga- 

ion ( Fig. 9 ) further demonstrates that such martensite forms due 

o martensitic transformation of Ni-rich β-(Ni,Pt)Al during water 

ooling. The left side of the γ ′ -(Ni,Pt) 3 Al phase in Fig. 2 f is γ -

i(Pt,Al). The detailed phase assignments will be precisely made 

y considering TEM SAED patterns. 

Fig. 3 a is a TEM BF image of the FIB lamella taken at Pos. 1

n Fig. 2 a. Fig. 3 b–d are the SAED patterns of the region marked

s A in Fig. 3 a along the [102], [001], and [113] zone axes, respec-

ively. Indexing indicates that Pos. 1 has a typical ordered body- 

entered cubic (bcc) B2 structure with lattice parameter a = 0.289 
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Fig. 3. (a) TEM BF image from Pos. 1, SAED patterns of the region marked as A 

( β-(Ni,Pt)Al) along the (b) [102], (c) [001], and (d) [113] zone axes. 

Fig. 4. (a) TEM BF image from Pos. 2, SAED patterns of the region marked as B 

(Pt 2 Al 3 ) along the (b) [001], (c) [011], and (d) [101] zone axes. 
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Fig. 5. (a) TEM BF image from Pos. 3, SAED patterns of the region C (Pt 2 Al) along 

the (b) [100], (c) [201], and (d) [103] zone axes. 

o

b

w

r

P

-  

t

E

r  

t  

1  

i

 

a

p

a

a  

i  

S

i

a

o

l

{  

F  

H  

w

 

g

t  

z

g  

i

p

T

s

t

a  

p  

i  

m

s

F

m. Therefore, this region is the β-(Ni,Pt)Al phase in combination 

ith the EPMA measurement shown in Fig. 2 c. 

Fig. 4 a is a TEM BF image of the FIB lamella from Pos. 2 in

ig. 2 a. Fig. 4 b–d are the SAED patterns of the region marked as

 in Fig. 4 a along the [001], [011], and [101] zone axes, revealing

 hexagonal structure with lattice parameters a = 0.423 nm and 

 = 0.516 nm. Thus, based on EPMA composition analysis we con- 

lude that Pt 2 Al 3 [44] phase is present at Pos. 2. 

Pos. 3 in Fig. 5 a exhibits a globular morphology. Fig. 5 b–d are

he SAED patterns of the region C along the [100], [201], and [103] 

one axes. Indexing shows that it is an orthorhombic Pt 2 Ga-type 

tructure with lattice parameters a = 1.683 nm, b = 0.395 nm, and 

 = 0.540 nm. On the basis of the EPMA measurements Pos. 3 is 

educed to be low-temperature Pt 2 Al [44] phase with 1.7 - 3.0 at.% 

i. 

EPMA concentration profiles of the Pos. 4 in Fig. 2 e (D and E)

ndicate that the Al content is slightly decreased, while the Ni con- 

ent increases with decrease of Pt. Pos. 4 shows two kinds of mor- 

hologies in the TEM BF image of Fig. 6 a, one is a lath structure

arked as D and the other is globular structure marked as E. As 

hown in an enlarged TEM image in Fig. 6 b, the region D consists
4 
f fine bands or platelets. Fig. 6 c–e are the SAED patterns of one 

and along the [100], [101], and [103] zone axes. In combination 

ith the EPMA results presented in Fig. 2 e, it is concluded that the 

egion D is high-temperature face-centered cubic L1 2 -structured 

t 3 Al [44] with lattice parameter a = 0.382 nm containing ~3.6 

 10 at.% Ni. Fig. 6 f–h are the SAED patterns of the region E along

he [001], [110], and [112] zone axes. Indexing indicates that region 

 is a face-centered tetragonal (fct) L1 0 structure with lattice pa- 

ameters a = 0.390 nm, and c = 0.361 nm [24] . The Pt content in

his region is about 54 - 60 at.%, and the Ni: Pt: Al ratio is close to

: 2: 1. Hence, the region E should be the ternary NiPt 2 Al phase,

.e. α-NiPt(Al). 

Fig. 7 a is a TEM BF image from Pos. 5 in Fig. 2 a showing

n interface between regions F and G. Fig. 7 b–d are the SAED 

atterns of the region F along the [001], [013], and [011] zone 

xes revealing that it has a L1 2 structure with lattice parameter 

 = 0.368 nm. The Ni: Pt: Al ratio of region F is about 2: 1: 1,

ndicating the Ni 2 PtAl phase [31] , denoted as γ # . Fig. 7 e is the

AED pattern of the region G along the [011] zone axis. Thus, 

t belongs to L1 2 -structured γ ′ -(Ni,Pt) 3 Al with lattice parameter 

 = 0.359 nm. Fig. 7 f is the superposition of the SAED patterns 

f γ # -Ni 2 PtAl (F) and γ ′ -(Ni,Pt) 3 Al (G) showing the orientation re- 

ationship of ( ̄1 ̄3 1)[013] γ # //(3 ̄1 1)[011] γ ′ , which is equivalent to 

10 0} < 0 01 >γ # //{10 0} < 0 01 >γ ′ . Fig. 8 a is a TEM BF image of the

IB lamella from Pos. 6 in Fig. 2 a and SAED patterns of the region

 shown in Fig. 8 b and c indicating that Pos. 6 is fcc γ -Ni(Pt,Al)

ith lattice parameter a = 0.351 nm. 

Fig. 9 a is the TEM BF image from Pos. 7 in Fig. 2 a showing the

lobular and lamellar morphologies. Fig. 9 b–d are the SAED pat- 

erns of the region marked as I along the [001], [ ̄1 11] and [011]

one axes. Region I is γ ′ -(Ni,Pt) 3 Al, which is similar to the re- 

ion G in Fig. 7 a. Fig. 9 e is a HAADF-STEM image of the frame

n upper right area in Fig. 9 a, and the corresponding EDXS map- 

ings of Ni, Al and Pt revealing their homogeneous distributions. 

he SAED patterns from plate J along different zone axes are 

hown in Fig. 9 f–h. Indexing indicates that the plate has an or- 

horhombic Pt 5 Ga 3 -type D 

19 
2h 

structure [36] with lattice parameters 

 = 0.747 nm, b = 0.682 nm, and c = 0.376 nm. Therefore, the

late J is (Ni,Pt) 5 Al 3 .The presence of reflection streaking in Fig. 9 g

s due to the lamellar microstructure of the plate. Fig. 9 i is a high-

agnification TEM BF image of plate J displaying finer platelets in- 

ide. The platelets are twin-related and the twin plane is (221). 

ig. 9 j–l are the SAED patterns of plate K corresponding to [010] 
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Fig. 6. (a) TEM BF image from Pos. 4, (b) an enlarged TEM BF image of the region D showing a lamellar morphology, SAED patterns of the region D (Pt 3 Al) along the (c) 

[100], (d) [101], and (e) [103] zone axes, and the globular region E ( α-NiPt 2 Al) along the (f) [001], (g) [110], and (h) [112] zone axes. The bright regions in (a) are vacuum 

regions due to cracks in the FIB-prepared TEM specimen. 

Fig. 7. (a) TEM BF image from Pos. 5 showing an interface between the regions F and G, SAED patterns of the region F ( γ # -Ni 2 PtAl) along the (b) [001], (c) [013], and (d) 

[011] zone axes, SAED pattern of the region G ( γ ′ -(Ni,Pt) 3 Al) along the (e) [011] zone axis, and (f) the composite SAED patterns of γ # and γ ′ phases showing the orientation 

relationship ( ̄1 ̄3 1)[013] γ # // (3 ̄1 1)[011] γ ′ . 

Fig. 8. (a) TEM BF image from Pos. 6, and SAED patterns of the region marked as H ( γ -Ni(Pt,Al)) along the (b) [110] and (c) [21 ̄1 ] zone axes. 

5 
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Fig. 9. (a) TEM BF image from Pos. 7 showing globular and lamellar regions, SAED patterns of the region marked as I ( γ ′ ) along the (b) [001], (c) [ ̄1 11], and (d) [011] zone 

axes, (e) HAADF-STEM image of the region in the frame in Fig. 9 a and the corresponding EDXS mappings of Ni, Al and Pt, SAED patterns of the region J along the (f) [11 ̄4 ], 

(g) [ 1 ̄1 0], and (h) [ 1 ̄2 2] zone axes, (i) high-magnification of the region J ((Ni,Pt) 5 Al 3 ) showing (221) twin boundaries, SAED patterns of the region K ((Ni,Pt) 5 Al 3 ) along the 

(j) [010], (k) [0 ̄1 2], and (l) [ 1 ̄2 2] zone axes. The bright regions in (a) are vacuum regions due to cracks in the FIB-prepared TEM specimen. 
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Table 1 

Phases determined in Ni-Al-Pt diffusion triple. 

Lattice parameters (nm) 

Position Phase Type a b c 

Pos. 1 β-(Ni,Pt)Al CsCl 0.289 

Pos. 2 Pt 2 Al 3 Ni 2 Al 3 0.423 0.516 

Pos. 3 Pt 2 Al(l) Pt 2 Ga(l) 1.683 0.395 0.540 

Pos. 

4 

Pt 3 Al(h) Cu 3 Au 0.382 

α-NiPt(Al) (NiPt 2 Al) CuAu 0.390 0.361 

Pos. 

5 

γ # -Ni 2 PtAl Cu 3 Au 0.368 

γ ′ -(Ni,Pt) 3 Al Cu 3 Au 0.359 

Pos. 6 γ -Ni(Pt,Al) Cu 0.351 

Pos. 

7 

γ ′ -(Ni,Pt) 3 Al Cu 3 Au 0.359 

β ′ -(Ni,Pt)Al CuAu 0.381 0.325 

(Ni,Pt) 5 Al 3 Pt 5 Ga 3 0.747 0.682 0.376 

s

w

a

s

c

p

s  

o

t

i

r

t

P  

[

t

b

(

 Fig. 9 j), [0 1 2] ( Fig. 9 k), and [1 ̄2 2] ( Fig. 9 l) zone axes, respectively.

he SAED pattern in Fig. 9 l is the same as that of Fig. 9 h, in-

icating that the plate K is also (Ni,Pt) 5 Al 3 . The other set of re-

ections in Fig. 9 j corresponds L1 0 β ′ -(Ni,Pt)Al ( a = 0.381 nm, 

 = 0.325 nm) martensite along the [001] zone axis. The observa- 

ion of β ′ martensite is a strong indication that this area is Ni-rich 

-(Ni,Pt)Al before cooling, in accord with the EPMA concentration 

rofiles shown in Fig. 2 f. The composite SAED patterns of the D 

19 
2h 

Ni,Pt) 5 Al 3 and L1 0 β
′ -(Ni,Pt)Al in Fig. 9 j show an orientation rela- 

ionship of (100)[010] D 

19 
2h // (100)[001] β ′ . 

. Discussion 

The phase constitution of the Ni-Al-Pt system was efficiently 

etermined by the combinatorial approach without preparation 

f bulk Ni-Al-Pt alloys with different compositions. Compositional 

nd microstructural analysis of the interdiffusion zones of the 

i/Al/Pt diffusion triple indicate that the Pt 2 Al 3 , Pt 2 Al, Pt 3 Al, 

-(Ni,Pt)Al, β ′ -(Ni,Pt)Al, γ -Ni(Pt,Al), γ ′ -(Ni,Pt) 3 Al, γ # -Ni 2 PtAl, α- 

iPt 2 Al, and (Ni,Pt) 5 Al 3 phases exist as summarized in Table 1 . It

as been found that the stability of the Pt 3 Al phase is affected 

y some amounts of Ni. A ternary L1 2 γ # -Ni 2 PtAl phase pre- 

icted by first-principle calculations is observed beside the L1 0 α- 

iPt 2 Al phase. The phase transformation of β to β ′ -(Ni,Pt)Al and 

Ni,Pt) 5 Al 3 is further elucidated. 

.1. Stability of Pt 2 Al and Pt 3 Al phases 

The binary Pt-Al phase diagram is complicated and the nominal 

hases Pt 3 Al, Pt 2 Al, Pt 5 Al 3 , PtAl, Pt 2 Al 3 , PtAl 2 , Pt 8 Al 21 , and Pt 5 Al 21 

an develop. Among them, Pt 2 Al and Pt 3 Al are isotypic [44] . The

igh-temperature Pt 2 Al(h) phase shows a Ni 2 Si-type structure and 

as a solubility range of 1 to 2 at.%, at ~1060 °C. Pt 2 Al(h) will

ransform to the low-temperature Pt Al(l) with the Pt Ga(l)-type 
2 2 

6 
tructure and a solubility range of 1 to 2 at.%. Similarly, Pt 3 Al(h) 

ith Cu 3 Au-type L1 2 structure and a solubility range of about 10 

t.% below 1290 °C transforms into Pt 3 Al(l) with Pt 3 Ga(l)-type DO c 
′ 

tructure, with a solubility range of 4 at.% at 859 °C [45–48] . EPMA 

ompositional analyses show that Pt 2 Al and Pt 3 Al phases are com- 

osed of ~ 1.7 - 3.0 and 3.6 - 10 at.% Ni, respectively. SAED patterns 

hown in Fig. 6 indicate that the solubility of Ni in Pt 3 Al is in favor

f the formation of the high-temperature Pt 3 Al(h) phase, revealing 

hat Ni is a stabilizer for Pt 3 Al(h). 

The important factor of a third element on the structural stabil- 

ty of Pt 3 Al is the atomic radius. An element with a smaller atomic 

adius that substitutes Pt (0.139 nm) should favor the fcc L1 2 struc- 

ure. Ni (0.125 nm) or Cr (0.128 nm) atoms, which are smaller than 

t, will occupy the Pt sites and stabilize the L1 2 form of Pt 3 Al(h)

49–53] . The minority element leads to a higher electron concen- 

ration and favors the tetragonal DO c 
′ structure. Gohle and Schu- 

ert [54] reported that the addition of Si resulted in the Pt 3 Al 1-x Si x 
x ≤ 10 at.%) phase with DO c 

′ structure at low-temperature, dis- 
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laying that Si is a Pt 3 Al(l) stabilizer. Si is also known as a α-Ti sta-

ilizer element [55] . So far, one cannot be certain to what extent 

he low-temperature Pt 2 Al(l) phase observed is induced by solid 

olution of Ni or thermodynamically driven since Pt 2 Al(l) could 

ave formed from Pt 2 Al(h) on cooling, as the transformation tem- 

erature in the binary system is at about 1060 °C. 

.2. Microstructural evolution from Ni 3 Al to Pt 3 Al 

In the γ ′ -Ni 3 Al phase the Ni atoms exclusively occupy the face 

enters and the Al atoms the cube corners. Previous studies [31–

5] revealed that Pt has a strong preference for the Ni site in Ni 3 Al.

ith the increasing Pt content during diffusion, the Pt atoms will 

ccupy the Ni sites on the {100} face centers in the γ ′ phase and 

orm the L1 2 -structured γ # -Ni 2 PtAl in Pos. 5F as confirmed by 

AED patterns ( Fig. 7 b–d) and EPMA measurements ( Fig. 2 e). The

rientation relationship of {10 0} < 0 01 >γ # //{10 0} < 0 01 >γ ′ reveals

 small lattice mismatch (~2.5%) between the γ # and γ ′ phases in- 

ucing low internal stress. When the Pt content increases up to 50 

t.%, the Pt and Ni atoms occupy the prismatic (100) and (010) face 

enters and the (001) face center of the basal plane, respectively, 

esulting in α-NiPt 2 Al phase formation as observed in the diffu- 

ion region in Pos. 4E and confirmed by SAED patterns ( Fig. 6 f–h).

s the Pt content keeps further increasing, the Pt 3 Al phase (Pos. 

D, Fig. 6 c–e) will form. 

.3. Formation of (Ni,Pt) 5 Al 3 

In the Ni-Al binary system, the Ni-rich β-NiAl (62 - 69 at.%) 

sually undergoes a diffusionless martensitic transformation on 

ooling. The resultant martensite has L1 0 structure with either 

BC (3 R ) stacking or ABCABAC (7 R ) stacking depending on the al-

oy composition, and is {111} internally twinned. Both martensitic 

ransformations in β-(Ni,Pt)Al bond coatings and bulk alloys have 

een observed [ 9–12 , 15 , 16 , 38 , 56–59 ]. As we know, M s (marten-

itic transformation start temperature) is very sensitive to the al- 

oy composition. A change in Ni composition by as little as 1 

t.% changes M s by as much as 100 °C [60] . A high Pt content in-

reases the temperature range where upon cooling the parent B2 

-(Ni,Pt)Al transforms to fct L1 0 β
′ -(Ni,Pt)Al martensite. For in- 

tance, M s for Ni-39Al-15Pt and Ni-37Al-30Pt (at.%) alloys was re- 

orted to be about 861 °C and 1100 °C, respectively [ 9 , 61 ]. Accord-

ng to the compositions measured by EPMA in Fig. 2 f and SAED 

atterns in Fig. 9 showing that the β ′ -(Ni,Pt)Al martensite coexists 

ith (Ni,Pt) 5 Al 3 , it is deduced that M s could be higher than ~700 °C,

 temperature, where the Ni 5 Al 3 phase forms based on the Ni-Al 

hase diagram [6] . 

The Ni 5 Al 3 phase could disturb the shape memory effect of the 

i-Al system in the Ni-rich part and, therefore, is also a matter 

f interest [62] . TEM investigations indicate that the lattice pa- 

ameters of D 

19 
2h 

Ni 5 Al 3 approximately are: a = 2 b 0 , b = 2 c 0 , and

 = a 0 , with a 0 , b 0 , and c 0 lattice parameters of β ′ -NiAl marten-

ite ( a 0 = b 0 ). Therefore, the D 

19 
2h 

structure has a unit cell vol-

me four times that of L1 0 β
′ -NiAl [36] . SAED patterns reveal that 

he orientation relationship between the D 

19 
2h 

and L1 0 phases is 

100)[010] D 

19 
2h // (100)[001] β ′ , which further demonstrate the ac- 

uracy of the crystal structure constitution of D 

19 
2h 

Ni 5 Al 3 shown in 

igs. 3–5 in Ref. 36 . This orientation relationship means that the 

attice of D 

19 
2h 

in [010] direction is superimposed on the lattice of 

he L1 0 phase in [001] direction. The lattice mismatch along these 

irections is δ = (d (010) D 

19 
2h 

− 2d (001) β
′ )/2d (001) β

′ ≈ 2.8%, indicating 

ow internal stress between the D 

19 
2h 

and L1 0 phases. 

The TEM results shown in Fig. 9 suggest that the formation of 

Ni,Pt) 5 Al 3 may undergo two stages. Firstly, the martensitic trans- 

ormation from Ni-rich β-(Ni,Pt)Al to β ′ -(Ni,Pt)Al is taking place 

ith Bain orientation relationship, involving a Bain distortion of 
7 
he c/a ratio of 0.707 (B2) to 0.85 (L1 0 ). No atomic diffusion and

e-ordering is required in this step. Secondly, as excess Ni atoms 

igrate and substitute Al on the Al sublattice, then shuffle or re- 

rder, (Ni,Pt) 5 Al 3 is formed. The c/a ratio of (Ni,Pt) 5 Al 3 is about 

.89. Therefore, the (Ni,Pt) 5 Al 3 phase is more closely related to the 

1 0 martensite from the point of view of tetragonal configuration 

nd atomic arrangement [ 36 , 38 , 63 , 64 ]. Since Pt increases the dif-

usion in NiAl, the (Ni,Pt) 5 Al 3 phase already forms upon cooling, 

hereas the formation of Ni 5 Al 3 phase is extremely sluggish and 

an take days, weeks, or even years [ 65 , 66 ]. 

. Conclusions 

The Ni/Al/Pt diffusion triple has been proved to be a successful 

pproach with high efficiency for studying the phase constitution 

ith precious metals. Based on the EPMA and TEM investigations, 

he following main conclusions can be drawn: 

1) Ni appears to be a stabilizer for the high temperature Pt 3 Al (h). 

Pt 2 Al (l) is identified as an orthorhombic structure with lattice 

parameters a = 1.683 nm, b = 0.395 nm, and c = 0.540 nm. 

Pt 3 Al (h) exhibits a cubic L1 2 structure with lattice parameter 

a = 0.382 nm. 

2) A ternary cubic phase, γ # -Ni 2 PtAl, predicted by ab initio sim- 

ulations was observed with lattice parameter a = 0.368 nm. It 

is located adjacent to γ ′ -(Ni,Pt) 3 Al and has an orientation re- 

lationship (10 0)[0 01] γ # // (10 0)[0 01] γ ′ . The L1 0 α-NiPt 2 Al 

ternary phase is also confirmed. 

3) The D 

19 
2h 

structured (Ni,Pt) 5 Al 3 phase forms from L1 0 β ′ - 
(Ni,Pt)Al martensite and shows an orthorhombic crystal struc- 

ture with lattice parameters a = 0.747 nm, b = 0.682 nm, 

and c = 0.376 nm. (221) twin boundaries exist between the 

(Ni,Pt) 5 Al 3 plates. The D 

19 
2h 

(Ni,Pt) 5 Al 3 phase has an orientation 

relationship (100)[010] D 

19 
2h // (10 0)[0 01] β ′ with the L1 0 β

′ - 
(Ni,Pt)Al martensite. 
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