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Effect of Scan Speed on Microstructure and Tensile Properties of Ti-48A1-2Cr-2Nb Alloys Fabricated via Additive
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The morphology of microstructure and tensile properties of Ti-48AI-2Cr-2Nb (at%) alloy rods fabricated by the electron beam powder
bed fusion (EB-PBF) process were investigated with a particular focus on the influence of scan speed of the electron beam. Homogeneous near
lamellar structure composed of the o, and y phases can be obtained in the rod fabricated under the slowest scan speed. The fine lamellar spacing
which contributes to the high strength of the alloy is derived from the fast-cooling rate of EB-PBF. On the contrary, a layered microstructure
comprising a duplex-like region and an equiaxed y grain layer (y band) perpendicular to the building direction is obtained when increasing scan
speeds. We observed for the first time that an increase in the scan speed results in a narrow width of the y band. We also found that these
microstructural changes have a significant influence on the mechanical properties of the rods. The near lamellar structure exhibits higher strength
compared to the layered microstructure. Whereas, the rods with the layered microstructure show large ductility at room temperature. The
elongation of each rod strongly depends on the width of the y band owing to the preferential deformation of the y band.
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% RlkE A (Powder bed fusion; PBF) #:13, #4E7 3 RICIBIR %
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B 2 Lo eigigtoiEk a2 LT s h
TWwa[1-3]. EHBEOEELRKE#E LT, BRGNS 5 WidE
DEFEOEMI R EESARTON S, By I a2l —Y 3
VERWZZEIRICE Y, FEICBT 2B oREAR, %
BB, wEEEE, HEERREE s Eotko T a L R
WCHRTEMICKE L, 221 10°-100K/m, 107'-10"
m/s, 10-107K/s \CHET LI EDBHL N LR o T AH[4-
71 EHIC, EETLOEE - wEIEENE, A ALF %
BASRET 5 70 A &M L BRI O M#EITH I &2 RET 5 A
FY U AN T VLo THIMETZ2ILHTES. 20X
912, PBFEOHBILE X OVF OV B 1 IS SFB0 72 I 3
R s, [BEES] LiEh s, T4, Ti 4408110
Ni A 4[12-14], +—AF7F 4 bRAT ¥ L ZHi[15,16]


https://doi.org/10.2320/jinstmet.JA202405

o9

I LD LT DA BEEMENCB VT, ZoRIESICH
K3 B R L MMAROTEE G STV 5, BIREW
L1, PBEEIC K » TIER SN B R 2 k2 A3 5 6
&id, PEROFHEHERCEBIICL o THEBESNLEELIDD
BN NEHEEZRT. SRS OMEIE, PBF EMEIE K
OIIRFIB 7203 T2 &, WAIHLER = D E o I & A H
PORMPEN LT ATHLI L EREL TV

PBFEOHTYH, HENEGEOBEIRITHEL 728 %t N
KRB 54 (EB-PBF) #:1%, y-TiAl & &M o #lE 7 o

L ANOBEADHD LTV 5D, y-TiAl &4, 773-1073K
OREFHACTHINTE 2ME—OREBMBSETH Y, 3 M
O & B EALEWAM - p H(Ti-AL B2 fif i), o M (TizAl
DOy HE3E), v M (TiAL L1y #5%) THIk S Tws., B
S5NTWBE LI, HAEICBIT L EHOHRE L KR,
BB X o THIM$ 2 2 L 25T E 5. HEWERO B
TlX, Blackburn @ H I BIFR % i 72 TR D o, # &y A E
WICEHI L7z oo/y T A TR DB TN T AT RERITE K
ENb. —J, BULEIRE ZIRILS % L, Duplex Mk =
7y MR SN B, 2 2T Duplex MIRkIE, 00 7 2l ¢
WL oa/y I ATHRTHKRSNDIMETH 5. o sEiE
&R y-TiAl GO T FHe M, AR5 IKAFET 5
[17,18). BIZIE, ao/y 7 X THIERIZ, 7V —THRMEZELE
HEHREOH A TH S, IS LT, =7 vy ##kiL,
EYEEB BT S, EETIE, Yy by I ryoyr—EU#E
A EN TS NI SBAEZ y-TIAl 4108 &z TR
wmALL, B2 LT 2720, FESOMRRGEICES 207
e AN T I T W 519,201,

Fx OWFIE 7V — 7 TIld, EB-PBF i % w729 Ti-
48A1-2Cr-2Nb(48-2-2) & 4x[21-25]1 R ARG & 4 & L CTHlifE &
N2 pEHy-TiAl Aa[2627]0E R 7a L 2 2 L TE
f_ ZOWT, EB-PBF % H\ 5 2 & CH B R AL 2

FBHZLNTE, BN 2ERTEL L2 o0
tLt 4822 BEOY A, FFEO T XA ELMTF T,
Duplex #Lik & #5113 U C IS HEH L 755l y b CHff
BEND y Ny F0b 558NV FRABRATER S 5
[21]. ZONY FIRMMEOTER A = A 11&, UTFo@EY 7
0 & 2 o Rl T B O R EE A & B BIRT S (Fig. 1).
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STEP 1
Electron beam

Additive Manufacturing # Ti-48A1-2Cr-2Nb & 4 O AMIALER B X O [ K

(9 BAOE AR O S 199

STEP 1 ; 7T 57— a YO K. wHaiho 2l 55 &
BWRT B OREES A L D T A FHER, Duplex #lfk, =7
YRS % B 7T F— Y a VR E RO I BRI
EN5D. STEP2: BWAT —VORET &EH B EKRDIE
J. STEP3: ¥i7-%2 57— a YHBOBE. H-ihk
IR % W9 % B o0 i it B O IR 53 A 12D T, STEP |
TR EINT T T2 a VRO =B H 2% o7 —
Va Mo ThEFEEEING. 0L E, BRSO
BOEED R 7 W 1X STEP 1 TIK & 7172 Duplex #Lik
L7 y MBS, THSHHRE L7 Duplex Mlfke =7 vy
MiEEGDLELESIMBES LM UL %5, STEP4; K
RO B (STEP 2) & #E@(STEP 3) DV EL. ThbHod
STEP % #t ) sR 3 B C Duplex #lfk & =7 y Mk 7 7 7 —
¥ YHBRO TEICHER 35 2 LT, Duplex filfke y N F
DREENZHNZ N Y FIHEEATER S NS,

Mz2<T, ThEToFKLDOWIEICLY), EB-PBF # 48-2-2
GEABEM OEIR B X OEIRG RIEE & g7, &R
&M ORETHAO 3T MEO) ITHARFET L &8
WoErekioTwa([21,22] BIZIE, 0=45° TEB I N
M, 25% L LSRR ERT. Ik, FRERAEKE
Zey NV RAIRKE ARSI & FATICAHAEL, ERaxS
72 THbB. Z0o=45 THEELSNBEME, EETE
THOREREN &S OBIEN 24T 5720, BBEHEN
J (Hot isostatic pressing; HIP) LB S M 7-85184F L 0 S BN
I EZ O RT. 61, N1k THIBENAHA
IANF—HEED) BEAT S LT, N FIRHEOE

AL L, Jisaiiik bz 219 5[25].
IxU
ED:vxhxd (1
ZZT, I3 =28, UWREY—2EE, vIZESLHEE

WFEAMEE, JdIMERESTHL. LrL, ZoOFERRNY
FIRMEK OIS RIZTEERE L EDOE T T A LMD
BIREWICHE SN TV ARV, Z2TARIFETIE, BIoE
ﬁiﬁf#cl‘?iﬁ L, Duplex #lfik& y N> FOIRREIZKIZT S0
o BELERNICRET 22 2EME L. S5
L,&ﬂ?Tmﬁéﬁtﬁﬁﬁmﬁﬁéwﬂﬁ%®%&kﬁ
REFEOBRIZOWTH AL 2.

STEP 3
Electron beam

——
3

surface

Melting point

Gradation microstructure

Fig. 1

Band
structure
STEP 4
(repeat STEP 2 and 3)

Schematic illustration showing evolution mechanism of the unique layered microstructure.
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2. £ B A &

AEFFETIX, Ar HAZEWIH AT b= A ZFEIC & - T
BX NP RAER 100 um O 48-2-2 A & K (LA
Al : 48.6at%, Cr: 1.7at%, Nb:2.0at%) % Bk & LT
L72. Arcam A2X EB-PBF Y A5 A & flifl L T 60kV D ¥ —
LABIEICT, FAEEONEMN (HE 10mm, £ S 90mm) % 1F
W72, BEEES1E90um & L, Fig. 2(a) 2R T 012
45° L L7z, — 7, E&ZFE L, 800mm/s, 1600mm/s,
2000mm/s, 2500mm/s & & L X &7-. DB, KEXRMBET
PEBL L 72 Ul b 2 22 v800, v1600, v2000, v2500 & I
B3 s, A1) XDFELLSHIEMNO ED X, Table 112
RIEY THAD. B, IhOOREHITIE, FEB R
BLRADSNTT b= A XHZ(AD)IZHRT 5 [ILDET A
SN5H00, BRARIGERT 2 KMdizE A LBESM
F, GILEIIW 0.6% TH o7z, D72, KWFFETIX, HIP
WBLS 5 L7 TRTOMBM % & F £ IR TR
FRIFHT 35 & O AR PR Ik L 72,

K LA O B HLHK (&, 7B A& R T 9 8 8% (Scanning
electron microscope; SEM) O AT EFE— NIZ Xk - THIZL
7o, BRI WV 22 AU O REWIE X, #2000 % F TR K
I A —MTHMBIEL, 2otk MEE®R: 75— R
5 7 =V (6:35:59 vol %) R CRLUNE L 7. BRI 7
b Image J 2 L C, MK T 0 AR = R0 4k ok £ 2 5F
flidsZET, MBERBICIMITTEERTOEE 2 ERIIC
fiEAT L 7.

EB-PBF k12 & o Thk & 2 B A # 8 CTIrER S 7z UM o
BEARIG T (6,) EARON(EL) 1, A~ A b v o B3 REAE R R B
2 WTEHIG L7z, Fig. 2 1SR X H 12, MHEMARTFHm

(a) (b)
Building #0
direction

Cylinder
direction s
[>/ 4 B
v=4 2
20 | 1.5 =~|5.0 |32
90 £
~R=5T'3%
-

(mm) Thickness: 0.8 (mm)

Fig. 2 Schematic drawings of 48-2-2 alloy rods fabricated at
0 = 45° by EB-PBF (a) and the specimens for tensile tests (b).

Table 1 ED, Wy, Dy, Vyqp and Vig, of v800, v1600, v2000 and
v2500 with standard deviation of each value.

ED W, D, Vg Voo Vieo

(Jmm?)  (um) (Hm) (%) (%) (%)
v800 50 — — = - -
v1600 25  34(%2) 14(x5) 71(%2) 13(*2) 87 (%2)
V2000 20 30(%5) 9(x7) T74(x1) 14(x4) 86(x4)
v2500 16 24 (x3) 7(%5) 76(*2) 12(+4) 88(x4)

2 ik(2024) % 88 &
EPATIE B L ICERIBEM DS 7 — ¥~ 5.0mm x
L5mmx 0.5mm O 5| EHAE T 28 0 L7z FRBRA I,
#2000 7 ¥ THIKT A V) —HTHMBFE L 728, Sio, BE i
2w CEm R L7z, sllkabug, =i, =22 o)
O AHME 1.7 x 1074 s OFMAITTEBL 2. jIERBREZED
WER R OB, SEM O ZKEFE— FICXk o TBIE L 7-.
MAT, FIAYFrF—vavBEsRBEey Hh— A&
AEZ XY, Duplex #lfkSe vy Ny R EOMBRNT- 08l £ %
TEL7:. o SR B OREHE, SEM BIZHE & [
UHHEFICCIER L7, &b, F/AyFry—a vl
Sy - AWM IABORKMHEIIZ, Thth
58.8mN & 0.98N & L 7-.

3. BRBIUVER
31 WMEERICRIETEEREOLE

Fig. 3 |\ EB-PBF {£12 & o THE 4 B Al CER s 7z
48-2-2 B A AMEM OMMAKL 2 /R 3. SEM AT EFEICE
W, o iBLX Oy MHidzEhZhatBlMktaoa >y b5
A MELTHBEENS. vi600, v2000, v2500 TidiEE I
Vet L C 3 i 2 PRI A BE & R RCRE B & 72 B 8 v FARML
Ke2s#o 515 (Fig. 3(b)-Fig. 3(d)). SRR FEBIZ, 28y
Fre T AR, EOIEIEEITHAM % o 25 % 5 Duplex
MR L 2o Twa. —J, MR HEIIE, FICSH y ko
M E N7z y Ny FTH S, Duplex Mk & y /N> FEHbE
720E1E R 90um TH Y, THEFEEHOFBE S & —5%F
. Hiho X912, IO W EAT T 12V BE S5 A ASTE B
Enha21]. ZofER, KMUETOREIC—H LTI T —

9

N

Buildin
direction

Fig. 3 Typical SEM images of v800 (a), v1600 (b), v2000 (c) and
v2500 (d).
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Va vHESHERbo TICER I NS, KRG
BBKICE S ENFBT =T y ke 2D, y N FOE
BEND, THICH LT, X0 Gy 1423-
1573K) THRFF S N7z 3% T, Duplex Mk 5 5.
Fig. 1 IZ/R$EY, 70X 2tz 2 s o [T 7 B )s
ORI, Ny FREEOBRICBWTHEELRE
FETHDH. —F, EHREVI EIZ, v800 IZIZZ DY FIRH
FRITTER E T (Fig. 3(a)). & ED & TH#EE Sz
BN —%=T7 7 X TMBE AT . 2O EDITKET
2 (AL D ZALIE, R 6% T O BE S A DAL A
$5%. D%, ED O X Y EEhA S O 54 13
b3 27:0, =77 XAFMBBBELIEELONS. &
i, YRR ZE S S 720121, EBERFO 70 v X 540
R LT ALENHH L EREL TS, 2B, v800 D
S A FHBED S 25 BFEIER 200nm(£80nm) TH Y, ik
MOTATHMEE KT 5 LRk d MMl HHICA 5[28]. b
FHEDPHE L WEEICBWT, X FHkEIE, IRy HHT
WS 2BOGHEE KT 5. 2, HHEEE WS
52T, BURy AT OBRE) ) & 7 2 HEEASH NS %
72®THh%. EB-PBF i3, #HEikRitRko LIz~ T
WHBREP MR 2D, MR T 2 T HMRER 2720 0&K
WR7TREAD1IDEVRD.

Fig. 4 12 v1600, v2000, v2500 ® y /N> KO K SEM %%
RY. THNODOHHEMIIZTRTAY FIREBEZAELTNS
B, NV FORBIEIKRELERNAONS. KM O
Ty N v FiE(W,) % Table 1 (2783, v1600 @ W, (349
34um TdH 555, v2000 & v2500 DFIFENENA 30um &
24um TH Y, HHEFETZR L COERREOHME & b
W, 3R LTw5b. g, EEHEEORINCXL 2 ED O
WIS Ty Ny FIRIERS 2B L 2R LTV 5. —T,
Fxlx, TNFEFTEB-PBFEICL » TR I Nz 4822 64
D W, X ED DWWV S TR 52 Z2WMELT WD
[25]. Pushilina 5%, ED N4 § % &, Ealilis L 20k
BEDOIBES A PRIRAL T 2 2 L 2L TV BH[29]. 2oz
L5, ED ORI W, ORI, y Ny BB
5 IRV IREEIC S 5 SN A FIROB IR T 2 & % 2
L. —#micEAREOEFEE, X(1)26bh5b X
I ED WA SE B0, BB X 0 0o KEL
ZHl&RIY. oF 0, EEREEEEEL LGS, BRlih
SRR DR AMEIRAL L, vy N FOIRIRIERT 5. 7272
L, Z OB OWREHIZAL S AR OIS I L )T
TRV D B RO EETRETHS. EB-PBFEICLE S

B

Buildin
direction

Additive Manufacturing % Ti-48A1-2Cr-2Nb &< O MRS & O RV Sl 23 2405 E A HUE o o 8 201

HETIE, BTY—2%2EEMBES TS LTHEESES. £
D72, BRI OIRES AT 2B I 2L — 3
YT, BT Y — 2B BICEN L2 EBIE, 0RO
TAMRBEBOBMACHMAINE ZLPRENTVS
[30]. EAEBEDH, H5VIEATEIEC S, B
BTN S NS T TORFMIZEN S N3], WES A
EIC Y7 M A RBIFE T L 7oA HE o H#iPH T idk
R E O AL D ED WA X B IR O IRAL & D
b, FIHED) HINE E CoORBEMIIC X 2 mibo hAT &
DVHZETH- - WRMENH 2. 2F 0, EEEEZOBMIC
o CHRILE L O E 0 HEORESAiNERILL, Zofk
H YNV FIZIEA L, Duplex SIEABIM L 72 #2515,

X 5|2, Table 1 IC& MM D y N> Kool y ko F
¥Rt (D) RRT. EAREIEHALT S & D, T4 14um
(v1600) %* 5% 7um (v2500) £ THF2IWAT 5. W, &1
RIS, D, OBEMRRA I B RE N L IERS L
V. Fig. 512 v1600, v2000, v2500 @ y 2N > KH DSy i
DR AT % RS, Dy OBEMEFAEIKRE VO, Sl y ks
Flum 225 20um PLEFTL, KWK ESAEZET 5720
TdH 5. Fig. 5(a)-Fig. 5(c) % sFANI LIRS 2 &, 5y R

BRSSO P RENDTH S EDH D, vI600 D y N
a b
25.(‘.)‘HH‘.‘H..‘.‘HHH. 25.(‘) ““““““““““““
3 Mean value = Mean value
€20/ D, =14 (£5)um | £20; D, =9 (£7) um
215, S 15/
S S
5 10F 5 10F
Ke) Ke)
E 5 E s
Z z
00 10 20 30 4050 00 10 20 3040730

Diameter of y grain, d, (um) Diameter of y grain, d, (um)

C

= Mean value
%20— D, =7 (+5)um |
o
515+
o
5107
£
S 5S¢
b4

0

0 10 20 30 40 50
Diameter of y grain, d, (um)

Fig. 5 Grain diameter distributions of the y grain in y bands for
v1600 (a), v2000 (b) and v2500 (c).

Fig. 4 Typical high magnification SEM images of the y bands in v1600 (a), v2000 (b) and v2500 (c).
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YORACIERAE 30pum 2B 2 B E y WAL L T B
(Fig. 5(a)), v2000 35 & U8 v2500 @ y /3 ¥ FIZiZZ i3 &0
K700y B3 FEAE L2 v (Fig. 5(b), Fig. 5(c)). LA
AHPEA G HAL T B Z & T, REE 10um BLT ORI 2 S5 il y
BOEGPHENT 5. FHEMIZBIT 5DTh% D, AR
X, INSHESAOMMILICERNT 2 EEz 6N, HR
TRBEE VAT, EREE OB e - THE bt
EDEHHEENEELT 22 LWL ST B[32].
i, EASEEORINC X o THRELLA S DOBEEE Z
LM T H 2 L2 BKRT 5. €00, WKW EHEE
A THEIE S 72 v2000 R v2500 I2B W T, @&
EHh oy ML OWEIH S N2 E XL OND.

EREEIIS CT W, 23252 &5, Duplex #HIED
AR (V) b EREEOFHALIZ o TH T2 ITHNT 5.
Table 1 IZ/RT & 912, Vg, FEREEOFHELIZE 5T T71%
25 76%FTHEMT S, LarL, ORI I0%UTTH
HZ D, ABMATEIZ Duplex Mk E AT 5 &) FHE
WZEDLY RV, 4B, THE TOWNIETIE, Duplex #iEH
DEH y KL (Vygy) B LT A TR (Vig,) DRFERITZENEN
ED DRI THMB L RBAPTHILIRENRT VS
[25]. ZhiE, RIS DOEGEEIZ X > T Duplex A
BENDEEDIRED ED O X o TRIEIL L 72720 T
H5H. UL, KWFFETIE Table 1 127733 X 9 12 Duplex FHI
DOBRBIGEREE IR L TR, Vg, BED Vig, BER
HELEIOTZENENH 3% B LN TI%THSH. T hid,
BHBEAMITB VT, Duplex #IRDIZIE S N5 B OWRIES, &
A E OB ED AL o TIRIEET A2 L &
THME F ORI IC X 2RI 0587 VAL
BMh—ErL o ®dThrbEEZONE. UEDOKER,
HElh L Z O EOREIERE 2 TR, RES DR
BIZEAL D N Y FIRMRE O SE I B2 52 52 L 2 RIBL T
(AV-3

3.2 BAEMOBIREE

EB-PBF #:1C & » TE# S 72 48-2-2 A &I O HUERTE
i, EERHEICHRIKRET 2 EEWHLRE LA 2D
MRERROERE, 80N FRHECbRERPELL R
b, T, EREEEZLZASETCEEEMERT LI LT,
ZONFEEELHBATETHL L EZRBL TV 5.
Fig. 6 {22 TZ L7z v800, v1600, v2000, v2500 @ o,
BIOELZRT. B, KjRRABRTIE, N FIRMARIC
LT I CMERHEHEL TWD. KbDFEV o ZRT
DIE, =77 XTHMEEHT S v800 TH %. v800 D oy 1&
650MPa 12 L TH Y, #iit o2 (380-500MPa) [33]&
DEHFEICEN. MA T, ZOMNEMIE, HIP LM X 7§k
MAZIEHCT 2% 1% @ EL #7-9[33]. —75, Ffz "y FIR
Ak % A9 % v1600, v2000, v2500 &, v800 & X7 % 5|
RIMEERT. TORETREERIEETHL. Thoo
HEEMIEL, HP LIS EM L) EVEREGR
520MPa) Z /R 7217 CTld 2 {, BRMICBWTORELEE%
R EREEELKEL LG, Bve ZMRFLAEE
ELIZ# 2% 7 5% 3% F Tl L9 5%

2 56 (2024) %88 &

KM OWIERE B & PR 5720, I TER S
Gl ER R O % SEM ICTHIZ L7, Fig. 7R3 L9
2, TRTCORBEOBHIZIBNT I 7y PR ONS
A3,y 73 FX Duplex HUIR O R FOIE 2R §REIE A S e
W, X512, 77ty MZEWL O/ E LTRSS
LH, TNOREHROFEERE L7 L2 RTHRHHDOAS
N, ThooBmEcBosn 258, o 7ot 2450
THEELESEIIBWTD, RABEESKIE» S 0 & 854
WX o THERAE L DD TIE R VW EERIBELTWS. L
Tehio T, KHEMIZBIT 2 EEOE N, LR O 5%
WCEKNTEEEZOLNS.

3.3 HERIRE & 5 IRIFE DR

EB-PBF # 48-2-2 & D5 | a4§ 1% & SZ Bt 3 % H 2 70 f ik 2
WEHOLNET L7201, FHBRTOF 74 07Ty 77—

Room temperature 6

------- HIP treated cast alloys
800 5

— o. H

T 700} | oy

= OEL

600 | 14

© 500 |

7]

g 400 [----peeee] . S .S

?

s 300 | 12

[

= 2001
100 EL

0

900

w
Elongation, EL (%)

v800 v1600 v2000 v2500

Fig. 6 oy and EL of v800, v1600, v2000 and v2500 deformed at
room temperature.

Fig. 7 SEM fractographs of v1600 (a), v2000 (b) and v2500 (c)
after tensile deformation to fracture at room temperature.
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Ya VS EERICTHE L. Fig. 8(a) 12 v800 D=7 F
A F k& v1600, v2000, v2500 @ Duplex ffkDF /2 4 ~
FUTF—YaviiEE vIe00 Dy Ny RO E L & H IR
T. =TI ATMBEOF A4 Ty —a YEEEIEH
55GPa T» Y, Duplex ke y NV FOZNSITHRTE
LS. BIRD y Ml E o PR HATE ISR L 72T A T
LTI, yHTHEUZZBAY Yy HE o HOFRH % @B 5
TOWKERDNPVELE LD, T0720, TATHEE T
A T HIKR O TR EE O R 121 Hall-Petch @ BIRAYE T & 5[34].
v800 D\ oy 13, TOMMZ T X 7 HKEISERT 5 L2
bis.

Z 2T, Duplex ik & v /3 FO®E &2 LTSRS ED
WEIEH L, Ny FIRAEEZ A5 2 WBM O J1F5EICo
WTEET L. KM O Duplex #HIED Vg, B LT Vig, 1
EEEEICL ST B THLHD, FIAVFrF—Yay
i X REROFE SRR T L 912 v1600, v2000, v2500 @ Duplex
FWOMSIZIIAEGEN OB, £ TRIZD, DR
GALGENBEMOy N FORSIZERT L. B, 74>
Frr—va YHESHRTIE, FED y N Y R oSy ok
ISV D, MAZEDZy Ny FOME 2550
BREETH L. 20720, FABMIIBITL y Ny PO
%, Eoh—2AMWMERBRICI>THELZ. ¥y h— A&
REBIZBUTLIEROKRE 2138 22um TH Y, KB O D,
F0Anled 2Bl EREL, W, K /hE W, Fig 8(b)
WRTHD, TRTOMAETYy N FOE Yy A — AW E HH)
325HV E—ETH D, ThE, KHEMO D, ITHELRER
DBV, y /Ny FORE S 2} 123 Hall-Petch Hll & #2803
INEWZEIGENT S, Doz ehd, RFEOHPMT
1%, Duplex Ik & y /Ny FORBEIZERREIKAL vk
fam T 2 LN TED. BT RXTOIEM T oy 23
BETHHHAD 1 2THAS. IS0 SRBEOKFED
R LI 1 DODOEER I, Duplex FHATy N FE b3
LEMERZ L TH 5D (Fig. 8(a). TOIEMNE, NUF
RALMR % A 2 AL, e & E 2 5 % 2 BEME
EARLTIENTE L. BEMBOMERMN ML, BEH
o THEEENS., D720, MUFMICERSELNY
FIRAEE AT 2EHE8D 0, 1E, B2 NFHEEEROKRE
DRRROEEXZT A, L L, RIFFECTHM L 724k

(a)

" yband:3.2 (+0.1) GPa
FNear lamellae (v1600)

Duplex region

Nanoindentation hardness (GPa)
o =2 N W A~ OO N
|_|
H
H

v800 v1600 v2000 v2500

Vickers hardness, HVO0.1

Additive Manufacturing % Ti-48A1-2Cr-2Nb &< O MRS & O RV Sl 23 2405 E A HUE o o 8 203

MBI B Vg DERITZ 10U T THE720, o, 10T B
HERIOEEII/N S V. T KB D o, IZHHH AR
HELho72BHHTHLEEZONS.

N FREBAEFT2HEORDEELFHO 1 2TH 2
KREZEREWEEZ, NV FOFEICLI-THLENS
FURZEAAE ) Rt 2 AMZERE, WEFICH LT
45° (PR L 728 e y N Y R CTERWICEL L. Lz
T, Fig. 9 1IRT X )1, KM oMU W, 1258 < RAF
5. IhiE W, O8NS X 5> TEBZM ) HEmAIEAT
57:0ThHab. LEOZTENS, y Ny FIZERELTTAN
Y RRMROBEEAHIMT 22 8T, y-TIAl EE& O % [
LR THLEI LARIBEINS.

4. #& A

EB-PBF iE 2B W T 0=45° [ZTHIBL E N7z 48-22 B4 H
BT OPAALAL & S RIS R T TR R EOREICD
WA L7z, REIR TR S N a DU R ISR T

(1) v1600, v2000, v2500 Ti%, Duplex % & i J7 M2
Wy N FhSRB2Y FIRAEBAESONSE., Ty
Y FOIEE, EEHEOBEHEILIES TR 2 5.

(2) EZREEE XS IKET 2L =7 T 2 THBEIES
N5, v800 D=7 F X FHMIL, FEFWIHMMET X THEEY
5 5. ZhiE, EB-PBFEOEELREHMO 1 D ThLHEE
R HHEE SRR T 5.

N

w

v1600

N

7\,2500 v2000

Elongation, EL (%)

—_
T

0 ‘ ‘ ‘
20 25 30 35 40
Width of y band, W, (um)

Fig. 9 Relationship between W, and EL of 48-2-2 alloy rods with
unique layered microstructure.

400 (b)
350
300}
250 |
200}
150
100 |

50

v1600 v2000

v2500

Fig. 8 Nanoindentation hardness of the near lamellar structure in v800 and the duplex-like regions in v1600, v2000 and v2500 (a) and Vickers

hardness of the y bands in v1600, v2000 and v2500 (b).



4

204 H & &

(3) v800 (X7 T A FHIFKIC X VEFEEM LD BFLLE
Voo, (F) 650MPa) Z 7R F. /N > Rk E A5 5 B,
Pt e Mz 2 MELHERLOD, H2-3%b0RRM%E
~Y

(4) AWFZEOHPAIZB VT, NY FIRELELR S A3 2 AW
DRI EAREIKAEE T - ETH o7z, T, Duplex
FIRE y N FORE, & 5121V, 2ERBE KA L %
WD ThbH.

(5) HHEM M W, IS5 ARFFT 5. S, IR
TR \Z SR T I 75 & A WA T 545 #J7 TANS R L C 45° (22 i)
L7y Ny FCEEMIZAELL20TH S,

RGO —IE, WEFREGRZHN - 1 /"= a v &
OB A 2 R— 3 VARG T 1 75 A (SIP) GEHIEA ¢
JST) B X U° ISPS BHif 2% 1P21H05196, (2A4h) H R &R %A
Tu T4 TR, (AW BemIEY s i, IST-
CREST ##H ) MM B o BIHCI T 72/ A7 — Vil
M % E) & ) F R R O i B JPMICR2194) D 3L % %217 T
FEhi S N7z,

- >

CZCRLT, EEHB LTS,

X 8
(1]
(2]

(3]

L. Nickels: AM and aerospace: an ideal combination, Met. Powder
Rep. 70 (2015) 300-303.

W.E. Frazier: Metal Additive Manufacturing: A Review, J. Mater.
Eng. Perform. 23 (2014) 1917-1928.

W.S.W. Harun, M.S.I.N. Kamariah, N. Muhamad, S.A.C. Ghani, F.
Ahmad and Z. Mohamed: A review of powder additive manufacturing
processes for metallic biomaterials, Powder Technol. 327 (2018)
128-151.

D. Riedlbauer, T. Scharowsky, R.F. Singer, P. Steinmann, C. Korner
and J. Mergheim: Macroscopic simulation and experimental measure-
ment of melt pool characteristics in selective electron beam melting of
Ti-6Al-4V, Int. J. Adv. Manuf. Technol. 88 (2017) 1309-1317.

W. Kan, B. Chen, H. Peng, Y. Liang and J. Lin: Formation of
columnar lamellar colony grain structure in a high Nb-TiAl alloy by
electron beam melting, J. Alloy. Compd. 809 (2019) 151673.

P. Karimia, E. Sadeghi, J. Algardha and J. Andersson: EBM-
manufactured single tracks of Alloy 718: Influence of energy input
and focus offset on geometrical and microstructural characteristics,
Mater. Charact. 148 (2019) 88-99.

M. Okugawa, Y. Ohigashi, Y. Furishiro, Y. Koizumi and T. Nakano:
Equiaxed grain formation by intrinsic heterogeneous nucleation via
rapid heating and cooling in additive manufacturing of aluminum-
silicon hypoeutectic alloy, J. Alloy. Compd. 919 (2022) 165812.

T. Ishimoto, K. Hagihara, K. Hisamoto, S.-H. Sun and T. Nakano:
Crystallographic texture control of beta-type Ti-15Mo-5Zr-3Al alloy
by selective laser melting for the development of novel implants with
a biocompatible low Young's modulus, Scr. Mater. 132 (2017) 34-38.
C.A. Biffi, J. Fiocchi, E. Ferrario, A. Fornaci, M. Riccio, M. Romeo
and A. Tuissi: Effects of the scanning strategy on the microstructure
and mechanical properties of a TiAl6V4 alloy produced by electron
beam additive manufacturing, J. Adv. Manuf. Technol. 107 (2020)
4913-4924.

K. Yamanaka, A. Kuroda, M. Ito, M. Mori, H. Bian, T. Shobu, S. Sato
and A. Chiba: Quantifying the dislocation structures of additively
manufactured Ti-6Al1-4V alloys using X-ray diffraction line profile
analysis, Addit. Manuf. 37 (2021) 101678.

S.-H. Sun, K. Hagihara, T. Ishimoto, R. Suganuma, Y.-F. Xue and T.
Nakano: Comparison of microstructure, crystallographic texture, and
mechanical properties in Ti-15Mo-5Zr-3Al alloys fabricated via
electron and laser beam powder bed fusion technologies, Addit.
Manuf. 47 (2021) 102329.

S.-H. Sun, K. Hagihara and T. Nakano: Effect of scanning strategy on
texture formation in Ni-25 at.% Mo alloys fabricated by selective laser
melting, Mater. Des. 140 (2018) 307-316.

Y.S. Lee, M.M. Kirka, J. Ferguson and V.C. Paquit: Correlations of
cracking with scan strategy and build geometry in electron beam

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

2

e
E2y

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

7k (2024)

% 88 &

powder bed additive manufacturing, Addit. Manuf. 32 (2020)
101031.

0. Gokcekaya, T. Ishimoto, S. Hibino, J. Yasutomi, T. Narushima and
T. Nakano: Unique crystallographic texture formation in Inconel 718
by laser powder bed fusion and its effect on mechanical anisotropy,
Acta Mater. 212 (2021) 116876.

T. Ishimoto, S. Wu, Y. Ito, S.-H. Sun, H. Amano and T. Nakano:
Crystallographic Orientation Control of 316L Austenitic Stainless
Steel via Selective Laser Melting, ISIJ Int. 60 (2020) 1758-1764.
J.R. Trelewicz, G.P. Halada, O.K. Donaldson and G. Manogharan:
Microstructure and Corrosion Resistance of Laser Additively
Manufactured 316L Stainless Steel, JOM 68 (2016) 850-859.

Y.W. Kim: Ordered intermetallic alloys, part III: Gamma titanium
aluminides, JOM 46 (1994) 30-39.

H. Clemens, W. Wallgram, S. Kremmer, V. Giither, A. Otto and A.
Bartels: Design of Novel p-Solidifying TiAl Alloys with Adjustable
B/B2-Phase Fraction and Excellent Hot-Workability, Adv. Eng.
Mater. 10 (2008) 707-713.

P. Bartolotta, J. Barrett, T. Kelly and R. Smashey: The use of cast Ti-
48A1-2Cr-2Nb in jet engines, JOM 49 (1997) 48-50.

B.P. Bewlay, S. Nag, A. Suzuki and M.J. Weimer: TiAl alloys in
commercial aircraft engines, Mater. High Temp. 33 (2016) 549-559.
M. Todai, T. Nakano, T. Liu, H.Y. Yasuda, K. Hagihara, K. Cho, M.
Ueda and M. Takeyama: Effect of building direction on the
microstructure and tensile properties of Ti-48Al-2Cr-2Nb alloy
additively manufactured by electron beam melting, Addit. Manuf.
13 (2017) 61-70.

K. Cho, R. Kobayashi, J.Y. Oh, H.Y. Yasuda, M. Todai, T. Nakano,
A. Ikeda, M. Ueda and M. Takeyama: Influence of unique layered
microstructure on fatigue properties of Ti-48AIl-2Cr-2Nb alloys
fabricated by electron beam melting, Intermetallics 95 (2018) 1-10.
K. Cho, R. Kobayashi, T. Fukuoka, J.Y. Oh, H.Y. Yasuda, M. Todai,
T. Nakano, A. Ikeda, M. Ueda and M. Takeyama: Microstructure and
Fatigue Properties of TiAl with Unique Layered Microstructure
Fabricated by Electron Beam Melting, Mater. Sci. Forum 941 (2018)
1597-1602.

M. Sakata, J.Y. Oh, K. Cho, H.Y. Yasuda, M. Todai, T. Nakano, A.
Ikeda, M. Ueda and M. Takeyama: Effects of Heat Treatment on
Unique Layered Microstructure and Tensile Properties of TiAl
Fabricated by Electron Beam Melting, Mater. Sci. Forum. 941
(2018) 1366-1371.

K. Cho, N. Morita, H. Matsuoka, H.Y. Yasuda, M. Todai, M. Ueda,
M. Takeyama and T. Nakano: Influence of Input Energy Density on
Morphology of Unique Layered Microstructure of y-TiAl Alloys
Fabricated by Electron Beam Powder Bed Fusion, Mater. Trans. 64
(2023) 44-49.

K. Cho, H. Kawabata, T. Hayashi, H.Y. Yasuda, H. Nakashima, M.
Takeyama and T. Nakano: Peculiar microstructural evolution and
tensile properties of f-containing y-TiAl alloys fabricated by electron
beam melting, Addit. Manuf. 46 (2021) 102091.

K. Cho, H. Odo, K. Okamoto, H.Y. Yasuda, H. Nakashima, M.
Takeyama and T. Nakano: Improving the Tensile Properties of
Additively Manufactured p-Containing TiAl Alloys via Micro-
structure  Control Focusing on Cellular Precipitation Reaction,
Crystals 11 (2021) 809.

K. Maruyama, R. Yamamoto, H. Nakakuki and N. Fujitsuna: Effects
of lamellar spacing, volume fraction and grain size on creep strength
of fully lamellar TiAl alloys, Mater. Sci. Eng. A 239-240 (1997) 419-
428.

N.S. Pushilina, V.A. Klimenov, R.O. Cherepanov, E.B. Kashkarov,
V.V. Fedorov, M.S. Syrtanov, A.M. Lider and R.S. Laptev: Beam
Current Effect on Microstructure and Properties of Electron-Beam-
Melted Ti-6Al-4V Alloy, J. Mater. Eng. Perform. 28 (2019) 6165-
6173.

W. Kan, B. Chen, C. Jin, H. Peng and J. Lin: Microstructure and
mechanical properties of a high Nb-TiAl alloy fabricated by electron
beam melting, Mater. Des. 160 (2018) 611-623.

H. Ali, H. Ghadbeigi and K. Mumtaz: Effect of scanning strategies on
residual stress and mechanical properties of Selective Laser Melted
Ti6Al4V, Mater. Sci. Eng. A 712 (2018) 175-187.

Y. Wang and J. Shi: Influence of laser scan speed on micro-
segregation in selective laser melting of an iron-carbon alloy: A multi-
scale simulation study, Procedia Manuf. 26 (2018) 941-951.

J. Han, J. Dong, S. Zhang, C. Zhang, S. Xiao and Y. Chen:
Microstructure evolution and tensile properties of conventional cast
TiAl-based alloy with trace Ni addition, Mater. Sci. Eng. A 715
(2018) 41-48.

Y. Umakoshi and T. Nakano: The role of ordered domains and slip
mode of a2 phase in the plastic behaviour of TiAl crystals containing
oriented lamellae, Acta Metall. Mater. 41 (1993) 1155-1161.


https://doi.org/10.1016/j.mprp.2015.06.005
https://doi.org/10.1016/j.mprp.2015.06.005
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1016/j.powtec.2017.12.058
https://doi.org/10.1016/j.powtec.2017.12.058
https://doi.org/10.1007/s00170-016-8819-6
https://doi.org/10.1016/j.jallcom.2019.151673
https://doi.org/10.1016/j.matchar.2018.11.033
https://doi.org/10.1016/j.jallcom.2022.165812
https://doi.org/10.1016/j.scriptamat.2016.12.038
https://doi.org/10.1007/s00170-020-05358-y
https://doi.org/10.1007/s00170-020-05358-y
https://doi.org/10.1016/j.addma.2020.101678
https://doi.org/10.1016/j.addma.2021.102329
https://doi.org/10.1016/j.addma.2021.102329
https://doi.org/10.1016/j.matdes.2017.11.060
https://doi.org/10.1016/j.addma.2019.101031
https://doi.org/10.1016/j.addma.2019.101031
https://doi.org/10.1016/j.actamat.2021.116876
https://doi.org/10.2355/isijinternational.ISIJINT-2019-744
https://doi.org/10.1007/s11837-016-1822-4
https://doi.org/10.1007/BF03220745
https://doi.org/10.1002/adem.200800164
https://doi.org/10.1002/adem.200800164
https://doi.org/10.1007/BF02914685
https://doi.org/10.1080/09603409.2016.1183068
https://doi.org/10.1016/j.addma.2016.11.001
https://doi.org/10.1016/j.addma.2016.11.001
https://doi.org/10.1016/j.intermet.2018.01.009
https://doi.org/10.4028/www.scientific.net/MSF.941.1597
https://doi.org/10.4028/www.scientific.net/MSF.941.1597
https://doi.org/10.4028/www.scientific.net/MSF.941.1366
https://doi.org/10.4028/www.scientific.net/MSF.941.1366
https://doi.org/10.2320/matertrans.MT-MLA2022015
https://doi.org/10.2320/matertrans.MT-MLA2022015
https://doi.org/10.1016/j.addma.2021.102091
https://doi.org/10.3390/cryst11070809
https://doi.org/10.1016/S0921-5093(97)00612-6
https://doi.org/10.1016/S0921-5093(97)00612-6
https://doi.org/10.1007/s11665-019-04344-0
https://doi.org/10.1007/s11665-019-04344-0
https://doi.org/10.1016/j.matdes.2018.09.044
https://doi.org/10.1016/j.msea.2017.11.103
https://doi.org/10.1016/j.promfg.2018.07.121
https://doi.org/10.1016/j.msea.2017.12.092
https://doi.org/10.1016/j.msea.2017.12.092
https://doi.org/10.1016/0956-7151(93)90163-M

