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Table 1 Chemical compositions of alloys

Atomic fraction /%

Cluster formula

Ni Cr Al

[Cr-Ni;, |Cr, 75.0 25.00 0
[Al-Ni;, JCr, 75.0 18.75 6. 25
[Al-Ni,;, ] Al Cr, 75.0 12.50 12.50
[Al-Ni, ] Al Cr, 75.0 6.25 18.75
[Al -Ni,, ] Al 75.0 0 25.00

3 SLEM STk

PEHUR SR 80 mm X 30 mm X 15 mm A &Ll &
ali Ni Az oh R b4 R, % BT & 40 B0k 99, 90%6 ~
99. 99 Y AUKLEE }y 50~150 pm M4 Ni,Cr F1 Al BRIE
F AR AR N JECRE, 3 IR 1 R B H R AT AR L SRR R
HE T B2 BREE N E 100 r/min # 3 F BRI 10 h,

DA A A ey R B 2R &, 5256 FF 4h 1 B A B T
PR ZBR IR A B A v W B 20 e K B H A S

IO B R 3 236 7E LDM-800 B hn T. & 45 I it
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FFEGHE AT . AL T2 S80C8 . 86
B2 kW, HIHE 5 mm/s, B EHAE 2 mm, #E R
50% 35K 6.8 g/min, & HLXZEZHMG,
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38 26 V) F ML U0 R B O 1 W) O AR L SR R
28 o v B 4 A S L B0 O R i B R A& T 4
ISR SR AU~ S = N A i | T R ]
10 mL H,O + 20 mL HCl 4+ 10 mL H,0,., X M
Bruker D8 Focus & X S 7 4L (XRD) K& PR &
EHAAE . A Zeiss Supra 55 B 474 B 17 2 1 55
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T YA I1 DX [R) A8 Ak X6 B 4 VS T 2 1 1% 52 i, T R L
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4 ARG 0t
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Fig. 1 X-ray diffraction patterns of as-deposited alloys with v-Ni F1 o-Cr [F 7 i B [F % T*%E"] Al T, HHE
different compositions Ni-Al 2 ] B e Cr-Al 5 55 i 718 4 458 (AH .\ =
ZHMA1D 5 200) FhE AT, FR TR —22 kJ/mol, AH¢, = —10 kJ/mol) N R AR
T2y My R AR R RO B T
Table 2 Lattice constants and misfits of ¥ and 7' phases
Alloy a, /nm ay /nm 8y /%
Nizs. o Crys.0 0.3558+0. 0002 - —
Nizs o Cryg 75 Al o5 0.357140.0003 — _

Niys o Cryp s Al 0.3564-0. 0001 0.3567-0. 0002 0.0740.02

Nig; o Crs o5 Al 75 0.3566£0. 0002 0.357240. 0001 0.17+0. 03

Nizs. o Al 0.3563+0. 0002 0.35730.0001 0.2840.03

10 pm - ~VA - . __10pm
2 Kmﬁi%/ﬂ* A %Eﬁﬁ*‘lﬁ;éﬂr/\ﬂ/%'ﬁ (a)N17 O(ro oniy(b)Nl o(rm/ Alz,> l:lﬂ?:,(C)Nl 0(1‘170A11>5E1$;
(d)Nizs o Crg, 5 Aljg 75 AL Niys o Al o G4
Fig. 2 Typical microstructural morphologies of as-deposited alloys with different compositions. (a) Ni;; ,Cr,; , alloy

(b) Nigs o Cryg 55 Als 55 alloy; (¢) Nigs o Cry, 5 Alyy 5 alloy; (d) Nigg, Crg o5 Aljg 75 alloy; (e) Nigs o Al alloy
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Fig. 3 TEM images taken from as-deposited Ni;; ,Cry, ; Al 5

. alloy. (a) Bright-field image of ¥'-Ni, Al phase; (b) electron

diffraction pattern of ¥'-Ni, Al phase
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Table 3 Compositions of typical region from as-deposited alloys with different compositions
Atomic fraction /%
Alloy Point No.
Ni Cr Al
Point 1 74.46 25.54 -
Niz; o Cras.o
Point 2 26.72 73.28 -
Point 3 74.06 19. 50 6. 44
Niys, o Crig 75 Als, 25
Point 4 18. 65 80. 98 0. 37
Point 5 74.26 13.51 12.23
Ninocrlz_;Alms
Point 6 14.77 82.52 2.71
Point 7 74.18 6.96 18. 86
Nizs o Crs o5 Alig 5
Point 8 34. 27 60. 22 5.51
Point 9 74.17 - 25. 83
Ni75,[] AlZS,U
Point 10 72.79 - 27.21

4.2 SR
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2090 2k Z L B DL SE G 20k B Y SR EEAE b & 4

8 H 4 5 8 T LA AR 0. 2 06 Bl A I A% I 189 1 g A
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Fig. 4 Influence of Al content on microhardness of

as-deposited alloys
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Fig. 5 Compressive stress-strain curves of as-deposited

alloys with different compositions

K6 Ik 47 92 56 e U0 AR S 5 < 0 5% T Ji 7R Y
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T4 AR AT DO B £ 00 1 40 o B R8P
Table 4 Compressive strength and plasticity of as-deposited

alloys with different compositions

Alloy Yield strength / Compressive
MPa strength /MPa
Niys o Cras. o 231.9 752.3
Nizs o Crug o5 Al s 288.8 942.9
Nizs o Cryp 5 Al s 535. 6 1264. 8
Nizs. o Crg. 55 Alig 25 597.3 1409. 6
Nigs o Alys o 601.5 1561. 6
B b & b AL B i A0 4 s T B 8, 3 [R)

Y T UG SRS AL & & A T R,
Nigs. o Crys, o B & W IBMEARIE R ZRAE v B R0 & it
A 08, 3ol B < 0 2 1t B AR 22 1 3 B R BT U0 R g O
[6] 73 A1 A0 9 RS o EL DRI AH 208 s 428 010 A R BT ) A (]
T AL W™ K BRI 7225 B b R PN TS BB SiE 22 3] 55 — ki
[@ 6(3)10 *HME’\J/EJ?%?%J@#HIDEE Ni75.(>Cr18.75A16.25
A 2 . R W B A A R R O, B AT I e b
LK 6(b)]. B ALBANE B8, 70 A T & 54k 19
a-Cr H UKL [0 AN 7 22 5 S0 R 56 728, 52 0 4% dfoR 22 (6]
A4 o B RIS B BH g 386 T 7 AR B R g T A v
H il Nizs o Crip 5 Alizs A1 Nigs o Crg o5 Alyg o AE&MRF
PRDCHR B T U A AR YR A R B 6 (o)L (D]
MAE Niss o Al & 4 0 W, o T & S AL 80 #LR
Yy SRS AR I i B oMk DL S PR S SR Y v A
S Bl o PRI e DX 8 AR 0 ) TG AR v DA T A
Al UL AR R IR AT LB IR 6 (e ]

slip band

AN

20 pm

slip band

‘/ﬁ

a0

K 20 pum

crack

Bl 6 AR TIRRES A &R i m A5 . (2 Niys Crzs.o%é?‘_\ 3 (b) Nig; o Crig 75 Alg 25 450 Nis, o Crip 5 Alyz s
%é‘z\ (D Ni75.ocrc.25 All&?s %% 3 (e) Nin.oAlz;.o %%
Fig. 6 Typical compressed surface morphologies of as-deposited alloys with different compositions. (a) Ni;; ,Cr,; , alloy;

(b) Nigs o Crys 55 Alg 55 alloy; (¢) Nigs o Cry, 5 Aly, 5 alloy; (d) Nigg, Crg o5 Aljg 5 alloy; (e) Nigs Al alloy
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1.2
L Ni75,UCI‘25.D L4 Ni75.00r]8.75Alﬁ.25 *
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Bl 7 KRB TLERS G & ES AR A sl JiFih &
Fig. 7 Continuous variable-temperature oxidation kinetic

curves of as-deposited alloys with different compositions

K5 AR TIRE S a1 B

Table 5 Oxidation kinetics data of as-deposited alloys with

different compositions

Initial temperature of vigorous

Total mass gain / Mass gain rate /

Alloy S _ . =
oxidation /°C (mg+* cm %) (mg+cem™* « K™
Nizs 0 Crys o 700. 2 0. 80 5.43x10°
Niys. o Cryg 75 Alg, 25 624.6 1.16 6.88X10"°
Nizs o Cryp 5 Al s 720.6 0.68 4.77X107°
Nis o Crg o5 Aljg 75 750—800 0.61 4.04X10°°
Nizs 0 Alys o 800-850 0.53 3.14X10°°
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Fig. 8 Oxidized surface morphologies of as-deposited alloys with different compositions. (a) Nis; ,Cry; , alloy;
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Fig. 9 X-ray diffraction patterns of oxidized surfaces of

as-deposited alloys with different compositions
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Table 6 Chemical compositions of typical areas taken from oxidized surfaces of as-deposited alloys with different compositions

Atomic fraction /%

Alloy Region
O Ni Cr Al
A 70. 30 4. 77 24.93 -
Niz; o Cry;.6
B 66. 48 8.31 25.21 -
C 14.06 69. 28 14.09 2.57
Niz; o Crys.75 Alr».zs
D 67.10 1.03 26. 46 5.41
E 7.53 78.59 10. 08 3.79
Ni?s_ocrwz_sAl]z_s
F 68.10 2.29 14.29 15. 33
G 9.74 82.79 4. 96 2.51
Niys, o Crg 55 Alys. g5
H 65.50 6. 64 7.70 20.16
Nizs o Alys o 1 65.75 5.44 - 28.81
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Niys o Crys o %éfiﬁﬁﬁﬁ?l‘%o Fﬁ% Al ﬁ%ﬂ/ﬂij}ﬂ»
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Fig. 10 Low magnification microstructure of as-deposited alloys. (a)(b)(c) Nis; ,Crys , alloy; (d) (e) () Niy o Crig o5 Alg s
alloy; (g)(h) (i) Nig ,Cry, 5 Aly, 5 alloy; () (k) (1) Nigs 4 Crs o5 Aljg 45 alloy; (m)(n) (o) Nig o Alys  alloy
R 7 VBG4 00 B & X A

Table 7 Solidification intervals of as-deposited alloys

Alloy Onset melting temperature /°C Offset melting temperature /°C Solidification interval /°C
Nizs o Crys o 1316.9 1362.4 45.5
Nizs. o Crig 75 Alg. o5 1368. 5 1400. 3 31.8
Nizs o Cryp 5 Al s 1355.5 1393. 3 37.8
Nis. o Crg o5 Aljg. 75 1324.7 1371.5 46. 8
Nizs. o Alys o 1323.2 1376. 4 53.2
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Additive Manufacturing
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Dalian University of Technology, Dalian 116024, Liaoning, China

Abstract

Objective Ni-based superalloys are the ideal high-temperature materials due to their excellent oxidation resistance and
microstructure stability at the elevated temperature. But the technical characteristic and limitation of traditional
manufacturing techniques restrict the development and product of superalloy components. Recently, the laser additive
manufacturing (LAM) technology provides an effective tool to fabricate the integral and complex components. However,
the compositions of heritage alloys are designed based on the traditional techniques without considering the specifications
of the LAM process. During the LAM process, the non-equilibrium characteristics of multiple thermal cycles, rapid
heating and cooling rate and the localized microstructural evolution result in the metallurgical defects such as cracks,
pores, and lack of fusion, which are difficult to be completely eliminated by optimizing the process parameters. Note that
the Ni-based superalloys are developed from the Ni-20 % Cr alloy, and the Ni-Cr-Al system can be regarded as the basic
composition of the Ni-based superalloys. The basic composition plays a significant role in the further design of
multicomponent alloys owing to the correlation to the microstructural stability, mechanical properties and weldability of
Ni-based superalloys. Therefore, it is necessary to optimize the compositions by investigating the influence of Cr and Al
contents on microstructures and properties of the basic alloys. In this paper, five representative basic alloys are designed
based on alloying of binary Ni-20% Cr alloy with Al element, and the influence of composition on microstructures and
properties of as-deposited alloys is systematically investigated. This research can be helpful to design the Ni-based
superalloys which are fit for the LAM process.

«

Methods Five basic alloys are first designed through the “cluster-plus-glue-atom” model, and then fabricated by the
LAM process. The pure Ni plate is chosen as the substrate. The elemental powders of Ni, Cr and Al with purity (mass
fraction) of 99.90%-99.99% and particle size of 50—150 pm are chosen as feedstock materials, and the powders are
blended by a ball grinder for 10 h. The specimens are built on the LDM-800 additive manufacturing system using a
strategy of bidirectional scanning, and the process parameters are optimized as laser power of 2 kW, scanning speed of
5 mm/min, laser beam diameter of 2 mm, overlapping rate of 50%, and powder feeding rate of 6.8 g/min. The LAM
specimens are cut along the build direction for the microstructural and mechanical property analysis. The crystal
structures of as-deposited alloys are identified through X-ray diffraction. The microstructural evolution and elemental
distribution are analyzed by scanning electron microscope ( SEM ) and electron probe microanalyzer ( EPMA),

respectively. The precipitated phase is identified and investigated by transmission electron microscope (TEM) equipped
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with the selected-area electron diffraction. The microhardness is measured by the hardness tester, and the room
compressive test is tested on a material testing machine. The continuous variable-temperature oxidation is performed on
the thermal analyzer. In order to evaluate the weldability of alloys, three cross-sections of each alloy along the build
direction are observed by optical microscopy and the solidification temperature range of alloy is measured by differential
scanning calorimetry (DSC).

Results and Discussions  The matrices of Niz ,Cry.y and Nigs (Crig.sAlss alloys are composed of the y-Ni solid
solution, while the ¥' phase begins to precipitate in y-matrix when the Al content (atomic fraction) is higher than 6.25%
(Fig. 1). Additionally, the a-Cr solid solution distributes between the columnar grains of the Ni; ,Cry., alloy, and the
amount of a-Cr solid solution increases with the increase of Al content. In the Ni; Al , alloy, the «-Cr solid solution is
replaced by v'-Ni; Al + v-Ni divorced eutectic (Fig. 2). The microhardness and strength of as-deposited alloys first slightly
increase with the increase of Al content, and then sharply increase when the Al content is higher than 6.25% , owing to
the precipitation of ¥’ phase (Figs .4 and 5). But the ductility significantly decreases with the increase of Al content
(Table 4). The continuous variable-temperature oxidation curve and the oxidation kinetics data show that the initial
temperature of vigorous oxidation overall increases with the increase of Al content, while the total mass gain and mass
gain rate change in an opposite trend (Fig. 7 and Table 5), and the improved high-temperature oxidation resistance can be
attributed to the formation of Al,O, oxide scale. However, the excessive Al content enlarges the solidification temperature
range and deteriorates the weldability of alloys, and the large amount of pores and lack of fusions are formed in Nig;_ Al o
alloy (Fig. 10 and Table 7).

Conclusions In this paper, five representative basic alloys are designed using the cluster model based on alloying of the
binary Ni-20% Cr alloy with Al element. The influence of composition on microstructures and properties of the as-
deposited alloys is investigated. The results show that the matrix structures of as-deposited alloys evolve from 7Y-Ni solid
solution to ¥'-Ni; Al strengthening phase with the increase of Al content. Meanwhile, «-Cr solid solution distributing along
grain boundaries changes from granule to long-chain in morphology while increasing its fraction, and is replaced by
v'-Ni; Al + v-Ni divorced eutectic at 25.0% Al. The hardness and strength of as-deposited alloys increase with the increase
of Al content due to the change in the strengthening mechanism from solid solution strengthening to precipitation
strengthening, whereas the ductility decreases. The increase of Al content is beneficial for improving the high
temperature oxidation resistance, but the excessive Al is deleterious to the weldability. Therefore, the Al content should
be confined in a range of 12.5%—18.75% to make the basic alloys have a good match of mechanical properties, high
temperature oxidation resistance and weldability.

Key words laser technique; laser additive manufacturing; Ni-based superalloy; basic composition; microstructure;
property
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