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Fig.1 Schematic diagrams of working principle of metal additive manufacturing technology: (a) selective laser melting (SLM)!:

(b) selective electron beam melting (SEB); (c) laser melting deposition (LMD)™!: fused filament additive manufacturing

(FFAM) utilizing molten material (d) and softened material (e)!; (f) cold spraying (CS)™*%; (g) friction stir additive

manufacturing (FSAM)™
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Fig.2 Forming mechanism of bulk metallic glasses (green
line: mechanism of molten metal cooling to BMGs;
red line: mechanism of thermoplastic forming of
BMGs)
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Fig.3 BMGs parts prepared by various technologies: (a) ZrssCusoAlioNis BMGs fabricated by LMD" (b) Tis;;CussZrs.sFezs-
Sn28i1A92 BMGs fabricated by SLM[M]; (C) erzlsTisAlloNi14_5CU17,g BMGs fabricated by LFP[ZZ]; (d) ZI’44Ti11CU1oNi1oB€25

BMGs fabricated by FFF); (e) Nig2.2Cr/B3sSissFes BMGs fabricated by ultrasonic additive manufacturing technology

[40]
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Table 1 BMGs fabricated by additive manufacturing technology
- Forming 0 Hardness, 0 .
Composition technology pr/% Phase HV/MPa Strength/GPa FS/%  Other properties Ref.
. Partially
AlgsNisYsCozFe, SLM - crystalline - - - - [46]
. Partially
AlgeNigYssCozlas s SLM - crystalline 4910 - - - [47]
Partially 09
CussZrs7AlgCo; SLM - crystalline, - o 0.7 - [48]
B,CuZr phases o= =
Partially
. crystalline, ) _ _ R
Fe715|10811C6Cr2 SLM 94.1 FEZB, a-Fe(Si), [49]
FesSi phases
15.3 £0.9
0,
: =0.8 (50% cu, (0% CU.
Partially . mass
- mass fraction), -
Fes3.7C07.5Cr14.7- SLM ) crystalline, ) = 1.5 (with fraction) [50]
Mo0126C155B43Y19 U-FGgMOgC and ob = B 5.2 +0.9,
CuNiz and -
CuCg phases CuNis) (with
8 CuNizand
CUNig)
Fess.35Crig.a7- Partially
Mn2.05sM013.93Ws 77- SLM 96.8 crystalline, 14 610 - - - [51]
Bg,zzCo,goSil‘gz(a)/%) o-Fe phases
FessCrsMoisB,C;  SLM 9.0 Partially 12 600 0= 4.5 : : [52]
' crystalline ST
Fees.3C6.9Si25B6.7Ps.7- ) ) ) Ferromagnetic
CrpaM0s Al 1 SLM 99.7  Fully amorphous properties + [23]
oxidation
resistance +
. ) Partially reusability +
Femvc\:lrssl\il 'EM% SLM - crystalline, - - - overall catalytic  [24]
921558 Fe,B phases ability +
activation
energy—
. Partially
Fe74sM04P10C7.5B2.5Si> SLM - crystalline - - - - [2]
Tis7CusgZrs sFes sSn;- 99.5~ _ Thermal
Si1Ags SLM 99.7 Fully amorphous - 0s=1.7 £0.1 stability + [44]
Surface healing
Zr52_3Cu13_II_\!|14_6AI10_1- SLM 98.7  Fully amorphous - 0s=1.7 0.5 | ability + [53]
is pitting corrosion
sensitivity
Z152.4CU18Nl14.6° SLM 99.8  Fully amorphous - 0s=1.7 <0.5 - [54]
A|10T|5
HrszeTlsCiuraNises g1y - Fullyamorphous 6790 oy = 1.5 <05 - [55]
10
Highest
degradation
rate+
cyclic
. Partially degradation
Zrs5CusoNisAlyg SLM 99.9 crystalline - os=15=+x0.1 - stability + [3, 56]
catalytic
performance in
degradation of
molybdenum +
Zrs7.4Nig 2CU16.4- Partially ) 0s=1.7 )
TasgAlig SLM 98.0 crystalline c=1.9 2.2+0.3 [57]
ZsoaCuzseAlos gy gog Partially 4960290 . - - [58]
Nb; 5 crystalline
Zrs9.3CUzg 3Nb1 5- op =17
Alo s SLM 99.6  Fully amorphous - Ry = 1.1 - - [59]
Z150.3CUz8. 8N 5~ SLM 99.4  Fully amorphous 4380 c=13 - - [60]

Aligs
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- Forming 0 Hardness, 0 .
Composition technology pr/% Phase HV/MPa Strength/GPa FS/%  Other properties Ref.
Partially Horizontal
CusoZrazAls SLM 97.0  crystalline, CuZr 5\5/22%:'0 op=1.0 1.8 - [61]
phases 5560110
Oxidative wear
resistance—
Zr60.14CU22.31F€4.85- . 0.4 . Do
Alg 1Ags SLM 99.7 Partlal_ly 4250 ve> 1.6 - biocompatibility [62]
crystalline 14 +
' corrosion
resistance +
Cuge.5Zr33.5- LMD - Fully amorphous - - - - [15]
Nizo.sF€27.2B18Si10- Partially Corrosion
Nbs LMD ) crystalline ) ) resistance + [63]
Partially
. . ) crystalline, ) _ ) )
Zr50T|5Cu27N|10AI3 LMD Cuer and CU102I’7 Os = 2.8 [64, 65]
phases
Zr50.6TlssoNb7.6CUse- | iy - Partially - 5=13+01  13.0 - [66]
Beizs crystalline
Partially
Zr55AI10Ni5Cu30 LSF . Crystalline, - . - - [67]
AlsNisZr, phases
Partially
crystalline, -15
Zr55CU3oA|10Ni5 LSF - AlsNing’z, Ninz, - gh __ 0 6’ - - [43]
ZrCu, CuZr, mo
phases
ZrgsCui7.sNioAlr s LSF - Fully amorphous 4300~4400 c=1.9 - - [68]
F858CT15Mn2816C4- _ Partially _ _ _
Mo0,SitW1Zr; LENS crystalline 9000 Rm=3.1 [69]
FeCrMoCB SLs  97.0 Partially 9020 - - - [70]
crystalline
Zrsz5TisAloNiyg6- os=1.5, resi\g\gircﬁ
Cui7.0 LFP 99.0  Fully amorphous 5510+180 Ry, =1.7 0.1, 1.2 . [22, 37]
corrosion
0=22=%0.1 .
resistance +
Zrgs.7TizaAlsr-
> LFP - - - Rm=1.8 - - 20
Nis 7CU1s6 m [20]
Zr44Ti11CuoNiroBezs FFF 100.0  Fully amorphous - - - - [9]
Wear
. Partially resistance+
AlssNisY45C01L205 Cs i crystalline 2200 i i corrosion [41]

resistance+

Note: pg-relative density; FS-fracture strain; Rm-tensile strength; o . -fracture strength perpendicular to the direction of the

deposition; oy-fracture strength parallel to the direction of the deposition; os-yield strength, o,-compressive strength; o-fracture

strength; +the higher performance; —the lower performance

4.1 SLM BFERIIERE
m#E 1A%, HEH SLM BREEMIEREG &
IEEEMBMEE AT Z B & Fe k. Zr 3. Ti
FLONi &, AR HHERZ.

Fe AL A SR Z R FME, b5 R
FiI SLM $ AR BB B 40 #r. 2013 4F, Pauly %5 A2
ZH SLM HAR, Il T FersMosP1oCr 5B, 5Sis
PpRdE a4, BRI TR HEEEE,
MH BT SIS, (HR X — BRI T @ 1

B 3 352 AR ] % B AR AR i & & (BMG) [ AT AT
P, IR 1L i B S AORT LSGE BSR4 A A il

JFi R 2015 4, Jung % NP4 T 58 A AR AR

Fees.3C6.08i2.5B6.7P5.7CrasMoz sAl, AR fE & 48, 193] 1
B 1R PO Ty 2 0 PR AR A ek B2 AT DA v A it 1) B0
E’Jénllﬁ’ U B o e AH 25 FE AT DI B 99.7%, {H

HNMAL I 7RO <AL, HAEEMREIL 18
%%ﬁ?r@ﬁ’i. 2019 4, Wang 2 APHiE SLM R #
w7 A EE R BLIA B 99% A B H L 58 4 A
(1] FessCrasMo1sB,C, dE i &4, HAHZW TEM BB
i 4a P, I HzbEm RSP IE R TN 045
mm>20 mm, fE52HENERHIL 7 EERL, R T
13 45 IRAEE ) 12 600 MPa, H i s B A 2] T
IRE) 4.5 GPa, H#gid#e B/ M3 i 2 th B 1 —
sey g, UHE g R T I TR, RS
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HETKHM SLM Fe BEIERE &M, mH—
e H o T Fe REREERAME. 2019
4, Zrodowski 25 ANVOLRIH SLM # R D4 1 T
Fe7SiioB1CeCry JE M ZE R A AR, AR XS % E 7T LUk
B 94.1%, MU T A, fEH AT
£ FeB. a-Fe(Si). FesSi Z5&HH; [F4E, Nong 2 A\BY
il % H SLM Fes;35Crig.47Mn 05M013 93Ws 77B3.22Co 00"
Siy (R E, %IAEFEEEAMEL, HARX % AL
F|T 96.8%, HLHIEE a-Fe ftH, SFLARLL,
FESL G K B IRAE 7] LLA 2] 14 GPa, X34 [CAE
Hit T 12 600 MPa; 2018 4F, Li 2 APYFI SLM %
A, FFEE AN 50%Cu (i 4> %0). CuNiyp Al CuNiss
MARMENE MM 7 ik # % H T Fess7C073Cr47-
M01,6C155B43Y 10 IEMIEE EHEL, MEAFHALESRIL
ML, AR & X IR X 3858 A ) TEM B
B 4b B, BB ENZEE SR A dERS, H
HAERA M HEIE R T 96%. ZAE&IEE AR BR
MEAERAM, HEHEINH M BENEHEEXD T
15.3%0.9%, H W& ) A K R{EE 2] 7 47.1+22.0
MPa-m'?, 21 Fe Stk & & WY E (2.2 MPam'?)
() 20 fi%, EBH 738 PERE T A ) BMGs 44 A 5] A%
e I 5 E () B8 A TT DA S ey g . T H
PE, T LA AR AR AL ST AR T,
MAE 7z AR 2 SRR R AU P2 s 2020 4F,
Liang % A P95 Al SLM # A il & 7 R 5 N
FezCrsNisMosW,SisBs 12 LA M 1) Fe J:E G KL,
HAHLF I T Fe,B #H, ZMEREGSIEHIREM
rERE ), AW EEMHMNE, mH2Z Fe &
BMG H&MEIEHE R LLRTR, P4 Ltk
FIEAR T (A Re 70, HIRBEZE HoE . iE R
%, FER/KALBESE N FBe % SRAGELIF I A F AU A

TR rse i, zr BAEfmA 28N 7 B e
M SLM R BE i 2 IF0F S & N A4 KL, 2016
M, Li 2 AP & SLM ZrsysTisCuiz.gNigs sAlyo JF
e, WHARE AR R, R R )
PE, BRI R R AT DAss 4 Rlfk, R0 AR5 5
Hlg. MeAh, R E SRR E S S 4
e EL, BEAE BEE W AR RS, R
AH I BB TN, AR 2 Ry AR M DL 58 ARk,
HERALBR I . AR T st TS,
e S AT DL B 58 AR M AS o AR S oK B R o] DA
k% 6.5 GPa, Hiku/ERm4AI N 1.5 GPa, JFHHK
SERE S RILH T 0.5% MR, HILFEE, Pauly 5%
NBIFIF] SLM $ A 1 % i SCBR RS N Zrsp.oCusg-

Nitg6AlyoTis FIHARIES, FEXE SLM Zr 22 &4 BT
J& T KIEBER B, MFRREAE L ZSHMA
L2 AWK AR L, Pauly ZANBH TH LI ZEANJLFH
FIIZE 1. T H SLM ZrsysCuigNiw gAloTis B A4
(R X 5 T LAk B30 4 B8 1) 99.8% H S B H 52 4
s, REZEENERGEERKTHAREM,, H
ATk %] 1.6 GPa, H¥MWMILEZES BMG 2%, X
AT BE A E T T P4 0 AR 5 4 Rl 1Rk R RS L AR
BEFTIE RN BEJE 2020 4 Deng 25 NBSRIH T sy
FHALE) Zrsp 3CuigNizg 6Al1o 1 Tis ¥ K, JEidE SLM FiR
Hil % T e A AR A RS, LA ZUE B X I
X ) o H R I B 4c Fon, WTUEHREB RS
YK IIAAAE, AR IELRE S A X B EEAH L Pauly 25
N H R, EHAE T 98.7%, FEEHRIAL
B A LT Pauly 25 NAF TR A BT T R, L iR
SRIZETIIAR] 1.7 GPa, FFEILH T 5K 0.5%1 ¥ H
J%. 2018 4F Bordeenithikasem 2 A% & H T 4 mm
EEE@jﬁﬁ%ﬁg SLM Zrsg3CUng8Nb1 sAl0.4 EREE,
HARNT 2 Al IEF] 99.4%, {HAE UL/ Al LUE B 5%
AR S AR T FE (HV)H 4380 MPa, HiZs #hssfE N
1.3 GPa, (K THEFMI 1.9 GPa, HHEM KRN
W& T8 S FE Y 86 GPa, K1~ 83 GPa; 2020
4, Best 25 NOUR IR R 3 75 92 1) 4%t 170 b ple 4 10l
mar g, AR T A 99. 7% AN E AR R A £
Yok, JFHEAAES, FLBEENT 05%, H T LR
REFS, HPUESRZEIE 1.7 GPa, & T 1.1
GPa, X 1] REFE ih A0 R BREE S 1, B R B
fEik %) 28.743.7 MPa m*?,

NT BT Zr BAER A S MBI, 2017
4, Ouyang 2 ANPOFIA] SLM A% ZrssCuso-
NisAlyo 35 & 2 5 A M K, LA 0% B mr DLk )
99.9% H LW Bakfa I, HAEMMEM AL ASF
83.4%, iz AE & A PRI E IR 5E FE AT LAk #)
1.540.1 GPa, k%A1 1.8 GPa, i H SLM £
BAWHESHEM BN REE. 5, ZRE4m
Yang % ANBIgE— B 58 7 3% B T AS 7 465 4 (R FE
BT BA IR, FFd i s A SRS W B T 2
Bii. 2019 4E, Zhang & AP2@E RS SLM 5 AF
Zr6014CUzz 31F€4 85Alg 7AGs ¥ A Hilli& T AHXT %5 B 99.7%,
95% kM AH A E S MBS, HALB R ARG
0.2%, HBRAFEN LLIAS] 0.5%~1.4%, J&/ki%
F£(1.6 GPa)m T ¥ AR5 1) 8 IR - FE 1.5 GPa, Wi
A 36 MPa-m®?, # KMt N 7943 GPa, KT 44
RS 8423 GPa, i HLEET LA L#FFT, ZE A F
FAZ B A T iliE 7 LR s 70% 0 2 L 45 1 dE
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4 SLM & MIER A &M TEM BB
Fig.4 TEM micrographs of SLM BMGs: (a) FessCrsMo15B2C, BMGs®?, (b) Fess.7C07.3Cr147M012,6C155Ba3Y 1.0 BMGCsPY, and
(C) ZI’52,5CU17,9Ni14,eA|10Ti5 BMGS[53]

mn i E A MRS, JRILHIL 0.4 GPa MRRSE, 3%
(R BRI B LA e 13 GPa M KB & . 2019 4,

Lu 2 N k) & 0y 7 A 6 % B T LLIA B 97% 1
CusoZrgsAl; &4, BRF&AE CuZr MR 4,

HILPE® 7 eade A, B EA H S EE, B
vty P10 58 FEE RO B A 7 v TR A, UM 1) B E (HV)
J9 55004110 MPa, #\[h#F N 55604110 MPa, H.
PUESRE N 1.0 GPa, F H AR KAl ik 1.8%,

HEHTUTER, WEREEETHTAIEET
B 7 A A3 R R LA A, (RRE R R TR R
RTEA AT H I T &ML, ME G R
JE (25 3mm®) R, REWIRAEEIERESE: AT
—BiRm AR SN, 2019 4E, Zhang &5 ABH
F Ta ks 38 sm 88 1 Zrsy 4Nig 2Cuie s TagAlyg B &
Eix — AR, Hl& T AEXTE BRI AA F] 98%(1) SLM
Zrs7.4Nig ,Cusg 4 TagAly AEFER A M KL, ZE A& E
TSI, JE R I T 4, BB
XoF B R T R Ay R R AR A Li S NS R A
he ZEEWETIEN 60.844.6 MPa-m*?, JE kiR
JEy 1.7 GPa, Wirs/Z A 1.9 GPa, ML T# AR
ma e, HRHRIIHKT 2.2%20.3% 1) 8L K
BATA S| 7525 HiK: 2020 4E, Wegner 25 A B84
AT SLM RS Ny, Ar Bl ArggH, 3 1S
PR A R AR S AR X Zr59.3CU»8 gAl1g 4Nb1 5 ERHEE
IR ISR FEMALZURS . iR, JEH
TERE R 2 E A AR A DL B IE 2 RI R R R B TS
Lu A1 Li MsesAlghie . mraakyl, EEH Ar
VERRI AR BT B0 IRAF A0 2 FE 9 99.8% 1 58 4
ma a4, HAL G DbESIMH/NIRL,

R N VB ORI A B = A2 T 7™ 3 (1 JF 240 45
i, {EIEE A IAF] 4960 MPa, ArggH, 1E NIRI S 4K

RS R a RS Ar ARV GRI R AEL,  teAk, P
BHRMAESEILE T 82 GPa MK & H It R I
MR R AE W R, T H Ar R ArggH, 1E AR
REIRE S EAT LA FE 1.7 GPa [P mismaE, N, /F
AR AR RE S IS SR E H R L 1.2 GPa, X[
Ae A N R E AL LU i . 2020 4,
Gao % N ISR T OB X IS AL 3 AR 14 T CugeZrar-
AleCoy AEmER MR, EIR CuZr AR & &1
TEREE ST (GFA) Bihf, (HRLES &R R H T
B, CuZr #H, HAF S 7EHE BT JEAR A J7 1) N H W SR o
F£74 0.9 GPa, 7KF-77 Il W5 fE 4 0.7 GPa.

Br T Fe B:fl Zr Bk A4, —LeEE AR M
X HAl AR S A ST T — @M T. 2014 4, Li %%
A FEME R SLM i % AlgsNisYsCoyFe, A i & & 4
Bl FFREBARMAE SR EE S BN RN R
UK &, I s g, &t T R
e E AL (bulk metallic glasses composites,
BMGCs). [F4F, Ailifi] 3|4 AlggNigY4sCoolays dF ih
Hd, WA TGRS N J). RE g i
KR, WA T EBOLIIE (200 W) {1154 21
HR R AR R B AN A R AL R AR P B RS, T
T BE YT B G Pris, HAE 120 W B3
JIHET, FERALF LR, MREOETh %
(80 W) T IRIB A A s Ak 72 A= 1 FLBRE 2 f 45 54 S0 7 Uk
HHL. FEHI% H T 5 A4k L BMG FE I,

2018 4E, LAAEWIEEST A NTY 5, Deng & A1
L SLM BRI il 45 TR 2R Ti BB RS
4. TisCusgZry sFe,sSn,SinAg,, ZKE i AL F] T
99.5%~99.7% 1) AHXF 25 FE, 1 H 2 3058 42 4F d 1 41 24
W, HEHBPIEEMI MG AL, %R B A%
UF B FAFRE 1, AH %A AR I A I 2B AR T 1
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SURECH LT TR, LW RGEE DN 1.740.1 GPa, A
b2, HARSEINE T 1.8%MBELELE, &
R 3 Hr, SLM FE i B W W] g 2 i T AR
A ) 3 3 A 7 A ) R R A R

BE%E SLM dEf& eI, EEk, %
KRG G &M AT AW g ie . —BOkRTE, BT
DA 22 9 S K B B T T AR FR U, R B O
9 2 32 S it 2H 23 v 1) df B 1 52 70 1 A A i A%
1197 2 1 ) 8 B B84k . Ouyang 25 A1t SLM
ZrssCugNisAlyy 1) & i LA BEAT 708, BE 7R R %R
oA A R AR TR A R 90 5HAN
42°F i AN, X FTRESE T SLM BB 2tk il i)
JEARGE KR fiAH 3 2 7 R ALY Fe R AR K e, AN
Mo AS 7L f B . Deng % A PSZEHE %L SLM
Zrsp.4CU1gNi1g 6Al1oTis AF df A 42 1K 4 W R 2 o R 30
Z G P W SR AR 2 e, TR ELC BT D) DL E 2RIy
A& 459%L4E, WK 5a P, PATA% SLM 122
LR, XERT SLM KPR & &R EH R
RIS o AH BT A% 1 A5 18 30 LR AT AR
W7 WA, i 5b Frax, X5 Ouyang &8 NI 5T
fE— B LG 3] 7 A EENE .

Deng %5 AP 5 5% B o 1 A 4 BF 5t 110 i 5
PES P v ge M SRS A &AL, HRNE &R
Jimg e, R B AR A A AL, U] SLM AR A 4
FO T Tk B i S PR S — R B AR T RE R

geAh, BT SLM FEARS & & B A AR O J5 1
(R 35 AN <o N FH T PR 7K Ak BE AR A A 2 2 AR 1)
PRk, —HE A 5 2 2 L 450 B AR & A R
SLM il % ik, I3 7RI 7. Yang %5 A PR
M Zrs.4CuygNiyg 6AlyoTis BFFT 1 AN [R5 44 B FE it it B
AEMERT, H g sl T B AR KPR,
PRI it A e g B A R, FETE IR B R I TR
LR IR E N, XY K 53 J S5 K R K rh 32 B G
PIW FERE IR R B T B A, XU AR AE T
SLM il &1 Zr FEAR & & 6 2 FLA BHE R 7K Ab B S H]
AT AT 4k . [HIRE, Zhang 25 2614 () B A 2 A4 K
(1 Zreo.14Cuz31FesgsAle /AGs AR MRIE R S F KL, BR
LR ZFEiL 70%H 5 K £ A B, B2 A R
I ZE DA A AT B v, B6AIE T 2 SLRE A B A
B AEIARASVE R B LA AR W 15 2 Atk 1 ] 182 FH A2

L0, FET SLM R ARG & B RUE 3 E
£ Fe BEAEf & &M Zr Bk &4 b @i B sz
ATLAE L, Fe JEARGG & BARARR B 5 H IR EUX
SRR, AER LS O R AR, BRI R DUz 8
TR S SRR flE T, T H. Fe FEAR S A SR

i — M AR AT DLk BIAR = 458 B DL AR (4l FessCros-
Mo16B,C, [ 58 FE 7] LAisyis 4.5 GPa, il B 1] ik
# 126 00 MPaP?), JfF H M MW % E & mis R T
99.79%3, i B by 38447 1l i B A R 03, Fe SR
Ai e 4 1] DR B 2R I JUART AR, AT fak A vl 7 T
FERT R 7K b B AT JR B L )32 10 2 P i 49123240,

HARTE BOE I X IE LI Zr JE R & & 4 0 ORI 72
L PG X AR g R AR GRS 4 e, (H
RIEMRP R R, EdRE T ES . K
W B A 2 0 AT DA % A S B LU Zr
AR ALY, X R TAHLT Fe ke g, zr ik
m e e B A m GFA FaRE M, DR S 822 10
3 DX AR At 2 Hp B R IR B I X RS 2 R R
g, I AUE R 5 I R R G B ek,
Tk A in S A JBURE EOR S 1) % A 2R A AR DL e
PR BAE R T AT, B Zhang 25 NBR N Ta ik:
il Zr e G S EEM BRI 2.2%20.3% [ ¥ 1
B, LR Li 2 APYEE I Cu @A RN
B HMME Fe JEARMEEE MBI MMEA R BIEE T
15.3%=0.9% . LT RO, AHAE BT AR
(RO R sy . AL VERE A AE A AN, BRAEE
W Zr FEdE & 416 A W I 28 S5 40380 T 7F K R 3R
B 32 IR S e B2
4.2 BEREgEMHEREHIERSS

LMD B8R (XHEFRAN LENS. LSF %5) fH I
ZHF SLM HAR, WWIMAE 10 Faist SE I ina At
FOFIF LMD RE ARG &AM G & A HE MR BN
5 LMD B ARA R EE ) —Fh R, ol id oy
HiAR (laser engineered net shaping, LENS) #ill & 3F &
HeFPETATATH, 2009 4E Zheng 4 NF A LENS
il % T FesgCrisMn,B16C4M0,SiiW1Zry JE i 5 2 & 4
B, RIUT TERE S G B, BE A DURE 0 1
fn, &5 fm I nr B R COK . T H FesgCrisMnyBy6Co-
Mo,Sis W, Zry &t & 4R i 2 4L A7 78 B B R 4 4L
FER BRI TR SR8 E (3.1 GPa), H BHfE
JER LA #] 9000 MPa. B T #HTIES & &4, Ik
A aiRE R B LMD BRI I E 5 1. 2013
. Li AN LMD B R & Niso gFes7.2-
B1gSioNb, AEdh & &R, B E g1 7 2Ok mAe
dH A ], DLSRAS AR R E R A MR, T
T R DT I v A ORISR E 4,
F W7 AR A I TR AT DA SR 2 TR S v R,
PO T 8 2 IO TR Tk R BE AR OL T 3161 AER4H

Zr FeAE S A & IR R R S i s ) P A AR R
BN T LMD BERBE R B % . 2017 4, Kim 4§
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Fig.5 Shear bands observed in the sample (a) and shear bands offset when encountering pores (b)®*

N gt CUgg 5Zr33.5 M A LMD 1177 ¥ 1 Th il 46 8
SEAdEMAMIER G S, NS FIUE TR LMD
il &4 dE M A e RetE; BEJ5, Bordeenithikasem
25 NS LSF 45 ARl % H 3K ZresCuyzsNiggAly s Bt
ARG S, ZHEMERT EedERE, HHALBE
EFLER, DU ihsREIAS] 1.9 GPa, FEHMWIL T4
ASRES, EREAEE 145 4300~4400 MPa, ik T4
AR

2012 4, Yang % NCTFIH LMD A 5 4h—
R BOL A R (laser solid forming, LSF) £
Al & H T ZrssCuseAlyNis Bk Ak i & & FEd, 3k
S AT EE ] BT 92.4%, FF ABFR R BT HBOLRK
MEON LB nE] 12 Wk, R X LT B R
G X, FGEIE X H LT BRI AlsNisZr, @A,
s R P 250 AR K /0N i 3 ok o 5 ) 386 I 386, e Ah
BE 255 A OB AR 2 5 304 J1 R T B M I
mks A, Lu ZABYSIRGRT T LMD TS
SHF Zr FEAE A A (ZrseTisCuyNigAlg) &
LR, W R ILBE BRI 2 200 W3 i £
300 W, HTH#HEWMXEY K, #l& LMD JEfG 4
2R A LB B T R R BN, T O T AR
T 200 W B, By RANRETE AL . T H A6 E N
600 mm/min F%] 800 mm/min B &, &hAH GG
Fr N BE, R4 8% K+ 800 mm/min B %, /A
L) A TR T, ol S gih BARHBL T CuZr,
VLB IR CugoZry 1, AH 2 ILAEGAR T & LA 4R 1k
T 95%, MR H T AR G 5RE, R
¥ ik 2.8 GPa; BhJE, Lu 2% AR LMD X i
R, H4 T ZraesTisz oNby eCussBern s JE i 5 & A 44
kB, @R, B ORI RRREEE
R 38 P8 45 2 HOR O A R I R R R R B, DA
RAF ORI AR SRR AR, B T

ARS8, RIBOCTI AL LT, 5 AH L] e
o 4 R R R v T PR A, TR RN AR LT
i A 91 B 5 30T ) 6 8 v T A v o 7 DA R R
B, SRS EMEZERNIS N E 20% E A 2
65%. HiFEIEG IS GBI 65% 1 i & & 1 AR
FE R JE IR 9 FE B s ik 0.2 GPa, 1] iA
1.340.1 GPa, WK FEWMIIAS] 13%. 1l HAE &
& BT 45%I (%, WML 459 &)
45%I ik, Wi THI M RE L) 90, T HLEE A 122 K fh
TR, DM 4.0 GPa LFHE| 4.5 GPa.
2018 4, Lin 2 AMSIHIH LSF BARMI& H T R
K ZrssCuzgAlyoNis LR IE & & FE 5, BT
W X (W AFETE, HAHLF RAE 63% MR M AH, 1 H H
BT AlsNigZry. NiZro,. ZrCu. CuZr, & 5 M HAF1E
WL, BT ZRiEIMA SLM A =1z s 3k
i e, BT HARESAE 63%I 5 & H, MatE
A A IR K B AEAE AR AT R R B2 A 1.5 GPa, Jihi
MEEIAF| T 0.6 GPa.

ZiLprid, BT LMD XRHERZIEHAKLEZ)Z
HEBREE, H#ggm X i KT SLM HoA, Fifir-
AR A R A AR R A SR Z LR T & &
A AR R SR, LMD ZE 77 1 FE B LA PR
RiEME, T DO 45 O D #5512 S HCR R
FE S SR AH O EE], AN SR AT 70 2 M e A8 Ak i 6 2
AR AR, WARFET SLM AR, LMD #
ARABTT LA 92 B I 2 1 4% 2 R 188
4.3 HEAMbE#HIERARKFAERS ¢

R 5 NS 9 e | T R e el R S E
2016 £ Henao % A\ MR A vA 5 3 2k ) 4%t 1040 2

i 4 AlggNigY,sCoilags /2, BT b prid st
e g IR R dE L, fAEZ 18% 1 a-Al 42K

oh, BERE AR, 4EIRTEEE{E N 2200 MPa £4, {HH
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T3 A 2 DA R CTE JE e b I B I
B b B0 R B R RS ok ik BA R e T AR A 4 2018
4, Gibson 2 NPVRI A I 24l 5K (FFF) plzhifl
2% T >N ZraTinCuyoNieBegs [ Zr FEAER &4,
HIER T a8 LSILMALURE, K TF -
WrZdsm i ik 1.2 GPa, ' H 5 IH) b W 245 i v] LUIA
#| 0.8 GPa, KT HJEMEIH 1.9 GPa, XT]HEZ H
TrEMM RS, 2 BZMPEZEMSS 2 22 Lk
PEAERES S, B EE TR KRR N R
%, 2017 4F Shen 25 APADL K 2019 4F Li 25 APy
FIFHBIETEMITE (LFP) HARWFF T RN Zrsys-
TisAloNiyg 6Cui7 o FIBUAIE SR G & MHI &, KT TH
XPE N 99% e Ak A BMG, At oL
WML, Frn THEAESEILE T 1.2%0 8 A
AE /7, FRIEC L 4E IRAE {50y 55104180 MPa, JH
Mo ik 1.5 GPa, HifviRfE 1.840.1 GPa, HH
TR PGy, fER eI Pt B T 5491
BIU)P T, PUAS IR 2.240.1 GPa, HBE S B
e T AR, R v S T A AN
Bk. 2018 4F, Li % NPORIH LEOARAE Ti-6Al-4V %
B % B Zres 7 Tig sAls 7Niy ;Curs g A HH & 4, H
EH T EEFERPRES, HAZ R RIS, B
TR FE A T IA B 52804170 MPa, Puf o ik #)i
1.8 GPa . 2018 4, Mahbooba % A U9 5| H
FeCrMoCB ¥ K, @il SLS 5 20l 4 7 A XF % &
N 97% BMG Ff i, FHRTEAREMAERRE, BA
L, FESEBLE T 9020 MPa i 4 B Al 2 1Y .

i bk, L EHEOR Y, W mER O AE 2
M B BR TR 2 R A R AR
T, PR AE Y LA 2 U3 A AR 7 38 %
MR . A, FFF R LFP 2545 A B R A4 R
e a B M EE e tt, WAL 4 SLM il LMD
M ARIE AR A PRI R RIS S FLER S, ]
5 3RA TR TR LA K e 4 R 2 (R i 1202237
AR M TRAERERIK, Ao@at=tTESE
EE PSR N e T L 3 R S ]
FIEPERE — EAL T SLM H# LMD $I4k 1 /)2
‘I\éﬁg[g'“]o

5 FHIFRESEHIBHFIEMF T

87 FH e 1 IR BG4 & B R & JE S S AE ST C
ZIRB TAERE T, OO R AR A
GRS BRI SR T — R AIAT I o 7 22 . R 72 24T
I FH 38 A 1) 328 ) 2% R S S RAFE B 18 2 1) .
5.1 SLM i BIIERE ST F

HI T Fe JEAR& & & MCAl AR 98 10 1 ¥ Wi
X, A% G EE e A ESIRET, Wi SLM 1E
Fe JL4F 5 & & B & h S BN iz . R0, HH2E 4
THTBIZE T LUE H, SLM B BE k& 4 78 ) & il
RE RS A 5 ARG T H X B g M AL 4
BOKWIBHLY, IMTRER T 4NNt i L, €45
Fe 3l 5 & 4 10 Bk i 1B 32 BB i 1290

£ SLM Bk, T2 5 Hda il A i 46 th A9 AR dh
GETHMEERR SN A EEIEH R, Li %
NPTR B et SLM E & A 45 1 58 B AR 10 B
AR S, U R R B A 4 e R R G N T . B
B G I B A . (EL 2 R RE I AR
NI, I AETC 3R 0 AT AN 20 o W R 3 4t
PR, WOETIRAL, A fAER G e R EIETE
o, AT I A B 26 B it op i BRAR Z ALBR T, W1 6a
Fizm o BEAh, B AR BURL R SE R K 52 3 A AL B B st
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Review of Bulk Metallic Glasses Fabricated by Additive Manufacturing

Lei Yang®, Wang Pei', Deng Liang? Chen Zhangwei’, Ma Jiang®, Liu Zhiyuan®, Song Kaikai®
(1. College of Mechatronics and Control Engineering, Shenzhen University, Shenzhen 518060, China)
(2. CRRC Industrial Academy Co., Ltd, Beijing 100161, China)
(3. School of Mechanical, Electrical & Information Engineering, Shandong University, Weihai 264209, China)

Abstract: In recent years, in order to meet the market requirements for bulk metallic glasses (BMGs) with large size and complex
geometry, the advanced additive manufacturing (AM) technologies with smart characters (e.g., high flexible forming, excellent
performance, less machining and high dimensional accuracy) are successfully applied to different kinds of BMGs. According to
reported investigations on BMGs fabricated by AM in the past decades, the present work briefly introduced the progress on bulk
metallic glasses and the advanced additive manufacturing of metals, and then systematically elaborated the forming mechanisms
and properties of BMGs fabricated by AM. Subsequently, the bottleneck of the additive manufacturing of BMGs was discussed
comprehensively. Finally, it was suggested that mastering the relationship of the AM processing, microstructure and properties to
achieve the AMed BMGs with high quality and high performance will be one of the most important development directions of
BMGs fabricated by AM in the future.
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