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Effect of Ti and Zr Microalloying on the As—cast Microstructure and
Mechanical Properties of Al-6Ni Eutectic Alloy

CHEN Ji', CHEN Xu', JIN Tong', MAO Youwu?, CAI Qizhou', JIANG Wenming'

(1. State Key Laboratory of Materials Processing and Die & Mould Technology, Huazhong University of Science and
Technology, Wuhan 430074, China; 2. National Experimental Teaching Demonstration Center of Materials Science and
Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: The effects of Ti and Zr microalloying on the solidification process, microstructure, and mechanical properties of
an as-cast Al-6Ni eutectic alloy were investigated. The results show that the microstructure of the Al-6Ni eutectic alloy cast
in the permanent mold is composed of a primary a-Al phase and an (a-Al+ALNi) eutectic. The primary a-Al phase
nucleates on the compounds containing Ti and Zr, resulting in a decrease in undercooling and an increase in the nucleation
temperature. When adding 0.3 wt.% Ti+0.3 wt.% Zr, the nucleation temperature of the Al-6Ni alloy increases from 632 ‘C
to 638.5 ‘C. The eutectic solidification time gradually decreases with the addition of Ti and Zr, but there is no significant
change in the morphology or size of the eutectic AL;Ni phase. When the amount of Ti and Zr added is relatively high,
a small amount of strip-shaped Aly(Ti, Zr) phase and blocky AlL:Ni phase are formed at the eutectic boundaries. The
tensile strength, yield strength and elongation of the Al-6Ni alloy with the addition of 0.2 wt.% Ti+0.2 wt.% Zr are 140 MPa,
82 MPa and 26%, respectively, which are 8%, 25% and 61% greater than those of the Al-6Ni alloy. The fracture surface is
composed of tear ridges, dimples and a small number of cleavage planes, with ductile fracture being the main type.
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NI T2 6w Z A S A8 H o-Al FLEA mY
FE LU RN ROK AR B £ 4R ALNG s A6 AH 41 1%, B
e I IR T T e DRI R ik
FE RN L BV ERE X R A P RR R
BE AR e fi A 4 1 R [0 B 28 I sl Pk 4, A 00 )
ik, B, Al-6Ni 3 ff A 4 0l R HAL 48 65 i R 44
il 1 S5 HOR BB,

{HPA Ni 78 o-Al H 47 80 e | % AR, AL-6Ni
A SRR L AR AL 4R R PR RE L BFSE R
Wit fE Al-eNi oA ahidimbma 8T E, W
Sc.Zr Al Ti 4%, XEEREICRTE Al PN AR EL
FEXT AR, FEBTRGS R 2 T Al AR IE i
EA RIS R AW AR L1, DI, SRS
G Ao R R AR 2 M . Suwanpreecha 45 I7E
Al-6Ni & 4 R N1(0.1%~0.3%)Sc F1(0.2%~0.4%)Zr
(B340, & A S R 2L F 20 2L 78 S 3k 21
21 76 B J5 17 skt B2 P, Al (Sc, Zr) 48 K 50 7
ALNI THEFZE ] 1 oAl SER TR, 7= A 3 T
VESRAL AR . Pandey WAL, 1E Al-6Ni & 4 iR
I 0.15%( T4 O Zr &, Zr 78 a-Al Al ALNi 22
6] A BT AT, WZE T 250 'CF ALNI AH 4 RLAL
HK  Chen Z5U7E Al-4Ni-0.4V & & AN Zr
Ti, & Zr Ti AJ A 040 2 5 ALNL A5 AL,
FHm A e ny AFEE M . Kwon 55058 ot $4 77 % 7y
HriE B, L1,-ALTi #7932 22 6 29 PR 2R 02 b - 3K 3
K, T BAE a-Al PRI T 3% (5T i 0 B0 1) Ti
e v Miax SE BRI, K UG, o8 T & HE Ti M HT R AR A
FH 7 5 FH A W e ST B S, LL3RAE L1, A
WAL A, W Malek ZFUUFT Knipling 28U PR 5% &
LA S TP ECE U I Ti Ze B 26 B30 72 v] B i
BAT L1, 85W 89 Aly(Zr, Ti)s e A . B, BT
Ti Zr B G I INXT 45 1% Al-6Ni 38 & 4 4 2R BE
B 5 1 AS B, A8 RR IR ARG

Rk, ARSCLL AI-6Ni 3L A 4 T 4 R
FH& TSI Ti F1 Ze TTR AT IE 210, B9 Ti
F Zre X851 Al-6NT e A 4 e [ i 78 | RO 4141
K IR BRI R, R Ti Zr X85 Al-6Ni St
A A AU WAL

1 ZWHBEFHIE

1.1 &

A AI-1ONi(J57 73 50, % , 1 [)) o 1] 4 4 T
P2l ALK JFRLE: AI-6Ni —TCA4r . e SR
BELJP oo e, >4 e TRLE S5 3 800 °C s 3 A o5 4 Gl
BRI B E IR S 750 °C L, REEWE 1a iR
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1 4 J Y il A5 AL-6NI A 4 5E , BE T Hij 42 J& 7Y i A4
E (2045)°C, TEMEILR) Al-6Ni A2 TR INAL-5Ti
FAL-STi )& 4 i % Ti Zr & 416 Al-6Ni &
4 T RTS8 R0 SR B Ti Ze A £ 53 5]
H0%~0.3%, il % 145 4 S Al-6NiaTi-aZr (v=
0.1,02,03)% /R, KH ELANDRC-e %! HL 80 & 25 55
F & Ji7 3% 4% (inductively coupled plasma mass spec-
trometry , ICP-MS) /73 #7421 s1 , 45 Rk 1 s,
#=1 Al-6Ni-xTi—xZr& &L FH 5

Tab.1 Chemical compositions of the AI-6Ni—xTi—xZr alloys
(mass fraction/%)

Alloys Ni Si Ti Zr Al
Al-6Ni 5.89 0.12 - - Bal.
Al-6Ni-0.1Ti-0.1Zr 5.92 0.15 0.12 0.14 Bal.
Al-6Ni-0.2Ti-0.2Zr 591 0.17 0.21 0.22 Bal.
Al-6Ni-0.3Ti-0.3Zr 591 0.18 0.29 0.31 Bal.
1.2 EEE 4k
K FAM IR 0 #573 Afr AR K24 AR 4 1 NI-9213
B R AU X AL-ONI A 4 1 56 [ 5 F k1 7 id 5
P Ui AMERG FE S 0.8 °C I R A /N F 0.02 °C LR
FESIR 75 Hz, F) H DAQ-Express #43H7 #1410 5%
750~400 Ci e Hih 2k,
1.3 HLRIE
W 1a Fis, MIE B 8558 3K 40 mm Ab 2k V)
H L 10 mmx10mmx10mm 3777 AR FE | 2 7 B
JG 7 XRD-7000s X S & ATHHL AT 9 AR 347, T
YERLIE 40 kV, TAERL I 100 mA, Cu ¥ Ko, fiT 55 £
10°~90° , 14 2 B 3 (°)/min,, 8 BE 28 1B 4l O J5 R
FHHFE 0.5% (R B4 BOHF /K% W& ol 10s, FIH
DMM-580C Jt: 2% I il B M58 5 4 1) W i 1 2, 7
A MR LR FHZ M #BE YL (linear intercept method,
LIM) il % 47 A oAl f R R SF (100 %, ) 2 1
+2 wm), BFEESLFEFLE 10 N UEF RS-, AL
Quanta 650 FEG 737 & 5 44 v B WL 48 43 I W) 1k &
YIS, OF H 8 3% 1L (energy dispersive spectrome-
ter, EDS)#ATAL G 730 . T 10%(IA TR E0HCI
IR AN KE S 64T 10 min B 5 8 i3 % &
S H 7 W% (field emission scanning electron
microscopy, FSEM) M%<t i ALNi AH ) = 4EIE 50 .
14 S1ZEfEeE
TERESEFE B T4k 10 mm 4, SR & U151 1590
] BRI | P R ARG A7 B HOB R 5 R
SHNE 1b FoR, #E Zwick 2020 T3 REA R R ML L
AT F R PR ELER, P EE N 1 mm/min, R H
Wilson 430 SVD 2 [C RS FE 30 1t 45 4 119 85 I A 3
B S 4.9 Nz ] 15 s, 44 1R 10
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Fig.1 Permanent mold and sampling positions: (a) permanent mold; (b) tensile sample

Y, 2% R A2 AR BT 441
2 XWEREWR

2.1 EWMAR

Bl 2 MR Ti Zr %0 Al-6Ni 7 4 3 B 1
R Y 2 ALY, B 2a AT LLE Y, AL-6Ni 5 42 %%
W2 24 T R R AR R A, VA ) B A & vy TR
WY RS, Al-6Ni-0.1Ti-0.1Zr & 4 72 W 4H 41
FEAR AR R 4 R 4/ 55l i (] 2b); AL-6Ni-0.2Ti-
0.2Zr 1 Al-6Ni-0.3Ti-0.3Zr & 4§tk R F gk — 25
/N, PR E LA 3 B ok RN an &l 2¢ F d TR .

2.2 XRD #1185

& 3 & Al-6Ni #1 Ti.Zr & 41k Al-6Ni & 4
XRD i, 455 W, Al-6Ni &4 i o-Al A FiT ALNI
AR, T Al-6Ni-0.1Ti-0.1Zr HE% o-Al #1501 ALNi
A AT G0 AN, BT 3B B ALT A7 5 0,
(200) /i 17 W5 58 0 2 473.8 au., LA K BES 1) AL Zr i
s | H(224) 45 A 1206.6 au., M TiZr S8
Y 3G, ALZr 1 U6 58 52 W 38 I, A1-6Ni-0.2Ti-0.2Zr
G40 ALZr(224) b SR R 1 350.3 a.u., Al-6Ni-
0.3Ti-0.3Zr & 4 MY IR IE 38 2 1 454 a.u., 1 ALTI
F14) W 5% D) G BH f A5 Ak

B 2 Al-6Ni-aTi-oZr & 4 % W41 2 (a) x=0; (b) 2=0.1; (c) x=0.2; (d) x=0.3
Fig.2 Macrostructures of the Al-6Ni-xTi-xZr alloys: (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3
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P 3 Al-6Ni-«Ti-aZr £ 4 1) XRD i
Fig.3 XRD patterns of the Al-6Ni-xTi-xZr alloys

23 BRAR

(WP a-AlL M Bl 4 8 Al-6Ni-«Ti-vZr 754 %
AL 2L, MK 4a AT LI H AL-6Ni A 4 f B S IR 4
A a-Al Fl(o-AL-ALNI & T4 BT, 52 7 ) 7 f
rn L SUVRRE . S TiZr I, P14 o-Al LK
PR i i) 8 /0N S5 gl A A A ol RO B /)y, HL
AP P a-Al B HCB 2 @88, 249 0 i i
(0.2%Ti+0.2%Zr) i, Sk R~ 5 9142 a-Al A Ee 4]
A AN B

XFA LA A oAl AH 80 FIRCH R T 48

B 4 Al-6Ni-aTi-vZr & 4 B4 . (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3
Fig.4 Microstructures of the Al-6Ni-xTi-xZr alloys: (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3

T, iE s s, R ExR AN & & w4
a-Al A 1T 182%, K& Ti Fl Zr w34 A0, ¥4
a-Al M B KRB, Ti A Ze B0 BT 0.2%)5
I - Al AHBCEI IS, 914 o-AL FHIY AR R
S BE TiZr BT IZ s Anit,, Wn(0.1%Ti+0.1%Zr),
WIE oAl AH P SRR ST B AL-6Ni 19 571 wm 44k
2152 pm, 4R Ti Ze i, 914E a-Al A1
EE TN A N N

kg R B R, Al-6Ni & 4 Mg & 41k Al-6Ni
BEHHIT - EwE oAl HBEE TiZr %
RN, WA oAl BRI, SRigife, w14
a-Al [T L5 AL-ALNI A9 R X FR B fh 46 5 3k A X
A M AN 6 Fis . A AL-ALNI 3 i A4 XA 1)
ALNi — 2, L B AR R 8 o AR 20
E X, B s il oAl o-Al A 1) AR
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K5 W4 a-Al A& 15 RFBE TiLZe B 19 42 £k
Fig.5 Changes in the primary a-Al phase content and size with
the addition of Ti and Zr
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K6 Al-Ni 743t 534 X
Fig.6 Eutectic zone of the Al-Ni alloy

a-Al ECE I Ak o-Al

Q)L B 7 MAFESED T Zr AT
fn AL-6Ni 54 3L 2 20, AL-6Ni & 4 1 3L i 2 41
H rf O BRI A D R R RS A, Rl R
AN HERDREIR I fh AN A, 3 2 38 [ 5 30 Ni oo &
AT T B A R AN, Bifi 25 106 4 1k 0 28 T n 4 1Y
o, A& At AN B SRS RS 6 8 A8 1L,

QR)Ti Zr tb&Y K 3 19 XRD fi7 4106 iR, i
B(0.1%Ti+0.1%Zr) &5 4 i B T ALTi il ALZr 1Y
i | %F Al-6Ni-0.2Ti-0.2Zr F1 Al-6Ni-0.3Ti-0.3Zr
G a7 T SEM S IEE S A i 8 s, Hi A
8a fllb I LIFEH, HEMAENO THIE a-Al FIEL A
M AL 2% 2 19 EDS Wior oA (s 1~3)3R W, 14k
B W41 Al(Ti, Zr) I ALNi, 3% 52 Kk Ni [ Ti Zr 78
o-Al H I [ BEARAR AT T e J B [ A WA

F2 E8H UL &M HIEDSH & 7 i
Tab.2 EDS analysis of the compounds in Fig. 8
(atomic fraction/%)

Point Al Ni Ti Zr Phase
1 75.78 2422 0.00 0.00 ALNi
2 81.70 0.17 12.31 5.82 Aly(Ti, Zr)
3 74.81 25.19 0.00 0.00 ALNI
4 74.75 25.25 0.00 0.00 ALNi
5 78.66 0.00 17.18 4.16 Aly(Ti, Zr)

BCRURLIR. AL(Ti, Zr) ek ALNi, H Bl 8¢ 1 d 1]
L BIN(0.3%Ti+0.3%Zn) i, B 25k ALy(Ti, Zr) 4
T a-Al v T BT T2 & 14150 50 NiOJE R T 4
IR ALNG A, FEF 7 JC AI-Ti Al Al-Zr 41 & Al %0,
AL-Ti B9 43 5 5 AL-Ze & 4 09 40 5 052 30
0.15%Ti £ 0.28%Zr™!, 45 Jin(0.2%Ti+0.2%Zr) i Ay
/b ALTI A ALZe A, TEM (0.3%Ti+0.3%Zr)
I AT AR A4 AL T A ALZr M, fEER A4 ALTI
Al ALZr AL& 9 R ) Ti A Ze o] LUK B8 e, T8 w0
"2 Al(Ti, Zr)tf
24 HELRE

l 9a S AI-6Ni £ 4 & [ 28 K — il or 5 —
B o e, BT — B oo A B isiogs ith 6 mT i
BB R ESE, B 9b R Al-6Ni-xTi-xZr 54
(1) B [ i 2, 561 18] 9a 1 43 BT 7 15 4R A5 4558 [ i 2k
MRFAEIR B 3R 3

HH &1 9b AT AT, Al-6Ni M & 44k Al-6Ni & 4x 1

&l 7 Al-6Ni-xTi-aZr & 4x 3 412 . (a) 2=0; (b) 4=0.1; (c) ¥=0.2; (d) x=0.3
Fig.7 Eutectic microstructures of the Al-6Ni-xTi-xZr alloys: (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3
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Kl 8 Al-6Ni-«Ti-«Zr & & & TiZr & E L5 :(a, b) x=0.2; (c, d) x=0.3
Fig.8 Compounds containing Zr and Ti in Al-6Ni-xTi-xZr alloys: (a, b) x=0.2; (c, d) x=0.3

PO B[ it £k K 3 AT« (a) AI-6NT & 4 56 T T 2k K2 — B . B 93 5 (b) Al-6Ni-wTi-vZr 75 43 8 5] i &
Fig.9 Solidification curve and analysis: (a) solidification curve of the Al-6Ni alloy and differential transformation; (b) solidification
curves of the Al-6Ni-xTi-xZr alloys

&3 Al-6Ni—xTi-xZr & & 5 B H K4S #
Tab.3 Characteristic parameters of the Al-6Ni—xTi—xZr alloy solidification curves

Alloys T:—A] IC :l—Al;Ni IC Tz]rAl,Ni e AT:I—AI;Ni C tAl-AlN /s
Al-6Ni 632.0 630.4 631.9 1.6 318
Al-6Ni-0.1Ti-0.1Zr 634.3 633.8 635.7 2.4 312
Al-6Ni-0.2Ti-0.2Zr 636.7 6352 635.4 1.8 310
Al-6Ni-0.3Ti-0.3Zr 638.5 635.8 634.8 1.4 306
BEF M2 AR o-Al BTG, RIIIE AL R BEE BT B, 5 AL-6Ni & @ AH L, %5 1(0.1%Zr

ONi 54T T o4 a-AL A, N 3 AT IAEE,
Al-6Ni & &0 o-Al HIEZ RN 6320 °C, BEH
Ti Zr & 8 RN, A% B 5 =, 28 n(0.3%
Tit+0.3%Zr) W I % IR JE 8 638.5 °C , X & T
Ti . Zr J5 JE M ALZr 8 ALTi, 914 a-Al A BT 3%
Se A S WAL, ok v BE REAIG , TR A U BE g e
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Al-ALNi Al-Al;Ni

+0.1%Ti), MBI E T, EREE T,
AL 5 TR ATY YA R T G o
S g ks T Ze TS NI TR T
o AT T s R K T Zr
BRI, 12 o-Al MU A% K K IR EE T, 38

AL-ALNi
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TEAZ TR T o AEE BT a-AL AR 6 4
A A T AR AY U R (T 6), i Bt P Ol
AR T R, HE A £ st 48 R s 2D | 3t
i R 1 Asf (7 45 0
2.5 NEtEse

i1 & 10A1-6Ni-xTi-xZr & 4 19 $ir {d [ F) - R A8
il 26 ] 0 A1-6Ni-0.2Ti-0.2Zr #11 Al-6Ni-0.3Ti-0.3Zr
G4 1Y B VB PR . R 4 HAL-6Ni«Ti-vZr B4
PR PERE AR [CRERE . PRV, Al-6Ni & 4 bt iz
SR EE | JE IR i R R A K R 53 31 129 MPa 66 MPa Fil
16%, M Al-6Ni-0.2Ti-0.2Zr 4 4 Priom & i IR
FMHK 53 9124 140 MPa .82 MPa Fll 26%, % Al-6Ni
BaMMNERE T 8%.25%M1 61%, XA&F K Ti fl Zr
BB A3 TS I 0 A o-AL PR R R AR SR i) 46 SRR B
A8 I NI AR a-AL Y R ST B 3 R 2 41
AR TiZe B8 I %& A& B 2 484k Al-6Ni-0.3Ti-
0.3Zr & & WP PL e | Ao B2 A KR 43 51K
133MPa 71 MPa F117%, ¥ % Al-6Ni-0.2Ti-0.2Zr & 4
A AR, BEAR Al-6Ni-0.3Ti-0.3Zr &4 9] E a-Al
A RIS /N H 2 Ti Zre & m i, A 4 b
2R AL(Ti, Ze) A RTHCR ALNG A 388 £500R sl Btk
AHTESZ T Sy 5 Ty B vy Wi A= 24, i UM RHAY
T T2, X6 A 4 14 i B 0 9 359 s AR R i 181,

4 WM EEUE WoR S Ti Zr B9 IN, Al-6Ni-
xTiaZr G AR Z W, X 504 oAl A f
RLANAL i Ti\Ze & 8 AT 09 500K AL(Ti, Zo)AHFl
Bk ALNi A4 %,

B 10 Al-6Ni-aTi-vZr & 4 F AR Iy -0 42 i 2%
Fig.10 Tensile stress-strain curves of the Al-6Ni-xTi-xZr alloys
F4 Al-6Ni—xTi—xZr& & /1 £ 6
Fig.4 Mechanical properties of Al-6Ni—xTi—xZr alloys

Alloys R./MPa  Ry,/MPa A/l% Hardness(HV)

Al-6Ni 129+4.0  66x1.7  16+0.4 52+1.4
Al-6Ni-0.1Ti-0.1Zr  136£3.6  70x1.8  24x0.4 60+1.6
Al-6Ni-0.2Ti-0.2Zr  142+39  82+£2.0  26+0.5 62+1.6
Al-6Ni-0.3Ti-0.3Zr  133+#3.6  71x1.9  17+0.4 63+1.7

B 11 A Al-6Ni-aTi-xZr A 4 Hi i3 B 5 W 0
TESL AE 11a s, Al-6Ni A 4 W 1 5230 H 4 2
b BIE g BRI AR IR AR, LA X DL
ALNi AH R R e . B TiZe (YU, fi 21
TR /D, 06 DX, 24 00 A (0.2%Zr+0.2%Ti) i), BB
1 RR 0T 2 e 30 R/ i i L T AL A, X R A AR
a-Al M R AL A v o (HE S A
(0.3%Zr+0.3%Ti) Bf, HFHL PRI T 850K
AL(Ti, Zr)F AN B Betk ALNG AR f BT 5 b ST
EOM, B A TR WSS A8 mA
SR AR S B R A X R G R

K11 Al-6NixTi-wZr & 4 P AL W LB S . (a) 4=0; (b) x=0.1; (c) ¥=0.2; (d) x=0.3
Fig.11 Tensile fracture morphology of the Al-6Ni-xTi-xZr alloys: (a) x=0; (b) x=0.1; (¢) x=0.2; (d) x=0.3
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3 g

(H&EAREE Al-6Ni i A &AW A a-Al
AH AN (- AL+ ALNI)H: 5 21 A%, 52 A7 38 21 20 Bl
H TiZr BTN, W1 AE a-AL A ECE 2 73 I, H 5
B R B

(2)7E Al-6Ni &4 I Ti Zr, 914 o-Al FHEY
T % i B T, B 0(0.3%Zr+0.3%Ti) i, ¥ /E a-Al
HHTEAZ IR EE | 632 C T & 638.5 °C, 1k i
[E6] EF ) UV Bt T Ze (0 % D00 17 3% 0 20>

(3)Ti Zr XF Al-6Ni 5 4 iy 3t 4 2100 W] B 52
M), 24 % 0 (0.2% Zr+0.2% Ti) 1 (0.3% Zr+0.3% Ti)
i, 3k 5 A R R T 0 AOIR AL(Ti, Zr) A bk
R ALNI A,

(4)Al-6Ni-0.2Ti-0.2Zr 15 4 W BT o BE | A
JE R K R 2 51 A 140 MPa 82 MPa il 26% , #%
Al-6Ni &4 iR E T 8% .25%H1 61% , HWr 1/
Wi W /D B A, DA WO
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