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Additive Manufacturing of Cemented Carbides and its Process Informatics
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Fig.1 (a, b) SEM images showing the (a) surface and (b) cross-sectional
microstructure of WC/25 mass%Co cemented carbide powder fabricated
by agglomeration and sintering process'. (c) A photograph of an L-PBF -
manufactured WC/Co cemented carbide cubic sample™. (d) Optical
micrograph and (e) SEM image showing the cross - sectional microstructure

of the sample™.
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(b) Phase map

Fig.2 (a) SEM images, (b) corresponding EBSD phase map, and (c-e) EDS
element maps of (¢) C, (d) Co, and (e) W in the L-PBF-manufactured
WC/25 mass% Co cemented carbide'. (Online version in color.)

Laser beam
(spot size: 200 um)
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Fig.3 (a) Low- and (b, c) high-magnification SEM images of single-laser

864

scanned WC/Co sintered bulk'® .
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Fig.4 (a) Liquidus projection of C-Co-W ternary system™ and (b, ¢) solidification sequence calculated under the Scheil
condition at compositions of (b) W-36.3 mol % Co0-31.9 mol % C (composition of raw powder) and (c) W-33.3

mol% Co-19.7 mol% C. (Online version in color.)
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Fig.5 (a) SEM image and(b) EBSD phase map of WC/25 mass%

Co cemented carbides processed by L-PBF and subsequent
heat treatment at 1380°C '9.(c) Isothermal section at 1380 'C
of equilibrium phase diagram for C-Co-W ternary system?').
(Online version in color.)

Phase map % Fig.5 (a, b) IZ/R3 ", Z ¥, 1380°C 13 CotD
AR LT OWRE TdH % 5, Cof & WCH D He il i & -
TS RET 208 Th b, T 5 L iR AL
#4795 & RO WCHHERHIRIZIE S L. WC/Co AL
BB LN TEDS, ZOMMAENLEC %Pl %, [Fbk
IZCALPHAD 12 & D #H5E L 72C-Co-W = JLRIRFEK D
1380°C ZiRbriailXl (Fig.s (c)) 12k &z 5, IR L 72,
HEaks KIKEoME7a v + (O) id. ZhZhWC/25
mass % CoiBii &0 FEHIAR B L OEEAROMK 2 KT,
> CR Co DFHFEIZ & » T BB ICIIHK A DT 2
W-richfllN> 7 F LTW5, L2 LAEMS, EHEAEDHIK
(& Z ORI I THEM (Co-rich) + WCHHI D R REK = {7
B % 720, WCOMREIRIZ 513 2 W,CR 5 -W,Co,CHliZ
RNZETH D, T D780, TS OMOREERICRE WG
L. Wi &g 2 WCHOS IS Z 2 25260 5,

866 |

48

% D, Co-rich D EER L T CofHE KT 5 Z & T,
WC/Co _fHMliEN R Oo b L EL SN 5,

WCHITIEL2E MR & F57- 2728, Figb (o) 1R &
N5 L5112 WCHOHIG A 21 EWH + WCHD
FHREIRIZIR L B, 2 D728, L-PBFEIZIZPES flk s 7 b
12k o T RO + WCH O AHuk A & bt
N B EEMEA G < & B, FEBE, WCHDEIA A En JFoRH AR
(WC/17 mass% Co) % F7=354. Ui X 2 sk 5
AE LY 2T, Mo [ED = (&) TEIND
M DOFIAR % W TL-PBFEE 179 & @AM K
BOZMEOMBEETY 7 M 459, 7 b LR T,
W& WCHHZZ 1 T2 < 5 -W,Cos,CHH & RE 4 728, LR
%Y n -W,Co,CHMNEAFT 5, 25 Lty 7 MIZPES
7 -W3Co,CHDREAE < ke LT, R RICKER
(I 774 1) ZFRMT B0 IS5, —fHle LT,
757 74 F&EF05 mass%FM L. HEDOZER (O) TR
ENZMKOWKEHNTL-PBFEE 4175 &, KEGDZE
O TR Y 7 b 329, Z08a, Wk
FHBIER + WCAHD ZAHTHIKIC A % 728 BULPERZIZI3
7 -W3Co.CHININST 5, LU LD & 512, BT X 2 Rl
HEE 175 ECid, BIRIC K 28K 7 + #FE L 7250k
IARMKOEENEETH 5,

F 72, WA R T 2 IS TOENELL, DO —EBA %
L (759 2) IZHAT B 720, [ILONE FIEE DA
B icefMTH B Y, B TR EEEOR—2 T L —
N 5 OFIEEA P E DD, B F £ OMMA-BREEIARD
FERE S 2 I A2 2 K8 E Tl L d 85 Z & id#E L,
Ko T, BB (+ BRI KIE 7" L 2 0P - HIPALEE)
K-> TR Y 7 v o EORBEIRD B T & NRET
H5

3.2 L-PBF &/ V5 A—4IC L B4R K540

ELIIC X B MR OBRE S LT, ko 7 MZk B
7 -W,Co,CHDUFEAIZ DN TR, F 72, EERIZWC
SRFIEE VB TR T 5128 L —F O 1L X —FE
BREVGE, WOR TR FERARIZ IR TRAE T 5,
& S IRV T WCR T3 % 728, WC/Co
AR dIEE (A CRALEERRE) Lze LT ek
DRSS TR 3K, U725 T AL
12k BRI ATREE LT3, S WC HRGEIR DI
AP 2 088 H 5, 7 2T MKOY 7 FAhEL,
WC RIS DA A I © & 3 L-PBF&E O 7 o & 28
I A — & ke WEWEEE AT U TR L e AW 5.

9. e kT 0k 24 TIERLL 72 WC/ Co Bl A ik
JEEARIZ 317 5 WC A RFEIR O IR R 4 8 B4 5 ik



% REt U7z, SEM {44 & WC 53 i sk o i it =6 4 GHlll 4~ %
72912, HIKHERED S % — 2 & G OGRS T (&
TRAVTF—=2a V) BT EDTEEZHRAAR=Z 2 —F )L
% v h7 =2 (Convolutional Neural Network : CNN) * %
F 7z, CNN % W28 & U T, WC iR & 2 h st
DREIE A W OFGFTO & 5 Ik O3 > 5 2 AT
A4 2 Z LWL Z LT 5 b, FlRld 238 A
Thiud, B FHHMEUE OGS AR OENZ X 5 T
BMHDOT Y + T 2 MENET B, Ko THIEZ I T L
P27 Z0E SHOTEROE RS TH 5, LA L
BH 5 B O % GORIFRE T & 2 WC /i WC/
Co AHBEBRIZ A RKNIZH] - B Z2 2 e h &L 7-9, 2

P=135W
v =400 mm-s!

P=135W
v =300 mm-s!

BREAEOEBEHRETOER1LT4vT (I

VEIAMEDARTIIHAGT LI ENTE RN, 22T %
HIKERREIR = 01T B ARRRIZRED S & — & FIH L TR A ATHE
7% CNN % JH\ 7z, CNNIZ X 2 ko5 17 5 %38, CNN
% OEE & D 720 DG &5 % O G A S 2
Whid B, AWFZETIE, Fig3 () IRL=KS 5y v 7 b
T v 7 BRI K - T & ozl S s K OV e v FET
WC /i fidsEisk, WC/Co —Mmfl, Kb (5fL. 27 v ) I
SPFUES A IBRHE L. 2hE& CNNIZEE &8 72, %
EEACNN 2 HIWT, x5 L —H ) (66 W~300 W),
AR (100 mm-s'~1200 mm-s™), 2K v FE (75 gm,
150 pum) THEE L 72 WC/25 mass% Co @itk
DA FIA U 7245 ROl % Fig.6 (a-) 1234, BT —

P=165W
v =300 mm-s!

Convolutional neural network (CNN)

(SEM images of single-laser-scanned samples were pretrained.)

[l WC decomposition
region

[Jwcrcotwo-phase
region

[l Defect
(pore and crack)

a0 Weall h
1400 l

Area fraction of

= O consolidated (9) 1\'/:; ::;:%r)nposition
I‘,” 1200 # 9¢ Unconsolidated X X 100
E 1000 [ o=150um XXX 90
= X X 5
> w0 X XX X
g x 10
g 600 XXX
Q. X . 0
& a0 fxX %
g X @) e o o
g 20 X O O

X O

0 n :
0 100 200 300

Laser power, P/ W

Fig.6 Segmentation of microstructural regions using a convolutional neural network and
quantified area fraction of WC decomposition region plotted as functions of laser

power and scan speed'®.
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(a) Process map obtained by support vector machine (SVM) using the

quantified data shown in Fig.6'®. (b-d) SEM images and corresponding
CNN segmentation images of the samples fabricated under (b, ¢c) SVM-
recommended conditions (inside the bold triangle in (a)) and (d) a non-

recommended condition'® .
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