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Abstract: NrCr Al alloy was deposited by electron beam-physical vapor deposition( EB-PVD) method. The micro-

structure was investigated on as-deposited and long-term aged alloy. The results indicate that grain on surface of as-

deposited alloy is about 185 nm in size, and a laminated structure in cross-section is observed. However, after aging

for 16 and 120 h at 760 C, the laminated structure is dissolved, and the individual grain can be seen clearly. Colum-

nar crystals form on the evaporation side, and exquiaxed grains form on the substrate side. The major precipitate is

¥ phase after prolonged aging at 760 ‘C. M echanical properties of the NrCr- Al alloy were also studied. The results

show that the fracture of as deposited alloy has mixed type at room temperature, and intergranular fracture among

columnar crystals is observed. Compared to that of as-deposited alloy, fracture of alloy after aging for 16 and 120 h

at 760 C appears to involve ductile fracture with dimples.
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1 INTRODUCTION

Nrtbased superalloys are presently used as gas
turbine components in power plants and in aircraft
engines' . Since 1970s, Al has been added to
NrCr alloy for producing the hard elastic alloys
used as wear resistant components in instru-

mentsw

. This is an important development in N
Cr alloy. With the increasing demands for the al-
loys with high hardness and toughness, Nt CrAl
alloys are designed to meet the requirement. Due
to the addition of Ce element, forgeable tempera-
ture was decreased, and grains were refined, and
the inclusions were removed'” .

LIU'* 7 have preformed extensive research on
the behavior of NrCr-Al hard elastic alloy. Their
results indicated that a number of Cr (a )-rich
phase were found around Y phase with tiny grains
and dispersed distribution when aged at 550 C for
5h. But Cr (a)-rich phase was not observed in
this work. NrCr Al alloys were usually produced
by vacuum melting and cast process. But reports a-
bout NrCrAl alloy prepared by electron beam-
physical vapor deposition( EB-PVD), which is of-
ten used to produce the thermal barrier coatings
(TBCs)"™", are few.

Electron beam-physical vapor deposition( EB-
PVD) technology is a potential technique for pro-
ducing near theoretical density and oxide-free con-

12714

densates' . Due to its high deposition rate, easy

control for chemical constitution and pollution-free
to environment, NrCrAl alloy with 0. 5 mm in
thickness was deposited by EB-PVD process. In
this work, microstructure and mechanical proper
ties of an EB-PVD formed NiCr Al alloy are stud-
ied.

2 EXPERIMENTAL

NrCrAl alloy was prepared by EB-PVD. The
chemical composition of NrCrAl ingots is Nr
22Cr5A 0. 6Y ( mass fraction, %). The process
of the preparation of deposited alloy by EB-PVD is
shown in Fig. 1.

Before the alloy was fabricated, the resistance
adhesive layer with about 15 Hm in thickness
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Fig. 1 Schematic diagram of
EB-PVD process of NrCr-Al alloy
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should be deposited to prevent bonding between
substrate and condensate. The NrCr Al ingots of
100 mm in diameter and 200 mm in length were
filled in a water-cooled crucible. A stainless steel
disk substrate of 800 mm in diameter and 20 mm in
thickness was mounted on the vertical axis. The
substrate was heated by electron beam and the
temperature was kept at 900 C. The degree of
vacuum was 5 X 107* Pa during evaporation.
Thickness of the alloy could be controlled by adjus-
ting the beam current, the upward speed of the in-
gots and rotation speed of the substrate. The rota-
tion speed of the substrate was 36 r/ min. The dep-
osition rate of the alloy was 1. 8 Hm/min. In this
work, the NFCr-Al alloy with 0. 5 mm in thickness
was prepared by EB-PVD, and aged at 760 C for
16 and 120 h.

The SEM samples of the tested alloy were
ground to 13 Pm and mechanically polished, then
etched with a solution of HClI, HNO3;, HF and
H.0. The TEM samples were mechanically
thinned down to 50 = 100 Mm in thickness, and
electropolised with a solution of 7% perchloric acid
and ethanol at — 30 ™= 20 C by a double jet elec
tropoliser. Tensile tests at room temperature were
carried out by Instron-5500.

3 RESULTS AND DISCUSSION

3.1 Microstructures of tested alloy
Microstructures in the deposited condition are
shown in Fig. 2. Based on the AFM and TEM ima-
ges given in Fig. 2, grain size on the surface of va-
por-deposited alloy is in the range of 70 = 255 nm,
and average size is about 185 nm. However, aver-
age size of the alloy annealed at 760 C for 16 h is a-
bout 4 Hm(Fig. 3(a)).
tion shows that the as-deposited alloy has single

Convergent beam diffrac

phase and a laminated structure is observed in the
cross~section of as-deposited alloy, as shown in
Fig. 2(b). After annealing at 760 C for 16 h, the
laminated structure dissolves and the individual
grain can be seen clearly. Schulz et al'” EB-PVD-
deposited a ceria stabilized TBC by one source and
two-source jumping evaporation. A lamellar struc
ture was also observed in the cross-section, which
can be attributed to the difference in vapor pres-
sure of ceria and zirconia. Therefore, it can be
concluded that in this study the laminated structure
in cross-section can be contributed to the difference
in vapor pressure of nickel, chromium and alumi-
num.

Columnar crystals form on the evaporation
side, and exquiaxed grains form on the substrate
side( Fig. 3(b)).

attributes to the substrate with lower temperature,

Formation of columnar crystals

the higher evaporation rate of alloys and the sub-
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Fig.2 Microstructure of as-deposited

NrCrAl alloy
(a) —Surface morphology;

(b) —TEM image and corresponding diffraction pattern;
(¢) —Cross sectional morphology

strate with higher degree of coarseness. The sur
face of substrate has some degree of coarseness,
namely some positions can protrude. When vapor
atoms touch these positions, preferential nuclea
tion will occur. Furthermore, the substrate tem-
perature and the rate of migration of deposited
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atoms are lower. In addition, due to the higher e
vaporation rate of alloys, the atoms deposited to
the substrate will grow quickly along certain direc
tion. As a result, the microstructure of as-deposi-
ted alloy is columnar crystals. The major precipi-
tates are Y phase during prolonged aging at 760 C.
Morphologies of alloy ¥ phase in alloy aged at 760
‘C for 16 and 120 h are shown in Fig. 4. With an
increase in aging time, Y precipitates grow rapidly.
The average size of Y particles is about 30 and 45
nm respectively.

Fig.3 Microstructures of NrCr-Al alloy
annealed for 16 h

(a) —Surface; (b) —Cross section

3.2 Mechanical properties of tested alloy

The SEM fractographs of the tensile samples
as- deposited and aged at 760 C for 16 and 120 h are
given in Fig. 5. Fractographs of the as-deposited
alloy show that a typical brittle fracture takes place
along boundaries of columnar crystals formed in
the substrate side (zone A in Fig. 5(a)). This con-
tributes to the weak boundaries among columnar
crystals. As shown in zone B in Fig. 5(a), though
the exquiaxed dimples with little depth are domi-
nant in this region, and some pores are observed.
Furthermore, there are no tearing ribs. T herefore,

Fig.4 TEM micrographs of ¥ phase in

alloy aged at 760 C for different time
(a) —16h; (b) —120 h;

(¢) —Superlattice pattern from second-phase particle in ( a)

elongation value is less than 1% . With increasing
aging time, a brittleto-ductile transition occurs.
The fractographs of samples aged at 760 C for 16
and 120 h indicate an obvious ductile fracture with
a lot of dimples, and elongation values increase to
more than 10%.

The tensile stress —strain behavior of as-de
posited and annealed specimens is shown in Fig. 6.
The room temperature tensile strength of EB-PVD
processed alloy decreases from 1625 MPa in as
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Fig.5 Fractographs of as deposited and annealed NrCr-Al alloy
(a) —As-deposited; (b) —Magnificated photograph of (a); (¢) —760 C, 16 h; (d) —760 C, 120 h
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Fig. 6 Stress —strain behavior of as-deposited and

annealed EB-PVD deposits

deposited condition to 831 MPa after annealing at
760 C for 120 h. Yield strengths of the EB-PVD
processed deposits are measured to be 791. 8 and
757.3 M Pa after annealing for 16 and 120 h at 760
C, respectively. It can also be noted from Fig. 6
that no yielding is observed in the as-deposited al-
loy. The as-deposited material shows no sign of
plastic deformation whereas annealed material
shows a ductile behavior. The mechanical proper
ties of EB-PVD formed NrCr-Al alloy in this study
are similar to those of Niz Al materials deposited u-
sing vacuum plasma spraying by Tiwari and his co-

workers!'® .

4 CONCLUSIONS

This study illustrates the potential of produ-
cing NrCrAl alloy sheet with perfect mechanical
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properties by EB-PVD. NrCrAl alloy with aver-
age grain size of 185 nm is deposited using EB-
PVD, and a laminated structure in cross-section is
observed. After aging for 16 and 120 h at 760 C,
grain on surface grows, and the laminated struc
ture disappears. The major precipitates are ¥ phase
during prolonged aging at 760 C, and ¥ phase size
increases with aging time. Fractograghs of vapor
deposited alloy show that the fracture is mixed
type. Brittle fracture takes place along boundaries
of columnar crystals formed on substrate side.
However, the equiaxed dimples are dominant on
the evaporation side. As-deposited alloy has rela
tively low ductility and no sign of plastic deforma-
tion, whereas the annealed alloys show a ductile
behavior and higher ductility.
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