$53% 8 BESEMRETIRE Vol.53,  No.8
2024 4 8 A RARE METAL MATERIALS AND ENGINEERING August 2024

DOI: 10.12442/.issn.1002-185X.20230370

WREREEEE. BIMITAMRHER

REA RF L M F Y BRE Y, ARG RRE Y, FAD
(1. BRI Y: MRS 5 TRY, 28 &8 230009
Q. FaEESNTEFZMTRA TERAR L, 28 458 230009
3. GRI Ry ®eesbabi ik, 2® &L 230051

W OE: MRASRE MR (WO RIEKi4EA (Feu Cov Ni. HEA %5) W& JBME, LM EEE. g,
PG VR AT S AR AR R A S B T, B RS R TR, T SE bR R IR B R 4, A
TR &% T I A0 S 5 IO T, A7 161 2 R BHLH, B BERE . 6 R i o S5 — Bl 45 LA 3L R B P 410 45 32 Rt
RAEMEINE . Bk, THTRAERSSHREHE, SARRE FEAMEHEER S e A EEE L, K
SCRET S A A R . R AT ONEAT TSR, FE S R B RN B A A R R, e Ah,  H T R X
T A < (O ROV 465 K R0 ) 2 v R L B SR I S ), S 4RI 1RG5 MR AR 0 R0 (00 N o T SR A S R L SR TRAT D R I
BEAEEAER & G kR SO B R & & RIS

XHEIA: BG4 BEE. BMATY. UL KGR RN

FEENES: TGI135'S XHkFRIRAD: A XEHS: 1002-185X(2024)08-2361-14

i T HUER B YR A F R SR A& A, 32 FO B A
GEUR B WAL v, R AT B T R AR SR AR . H
i, M 1000 m BRFERITFRZIES 1), R Sk
F 1500 m, HUHATFRIAFEE SRt 3000 m, & @ YR
REE AR 4500 m /245, AT RIRE CA 2] 7500 m
FEAM, BAE 20 t2 80 4R, k4. fEE. HE. H
AR [ R R B 1000 m, 17 E H FTH
47 JERE L 1000 mPPl, BB, AR Y
i, 7E 1996 2 1, /04 80 FEW L HIiA R 1000 m,
BRI R RIR . FUEACH . A%, Bk LKA
W& g BRI, T R BRI S . DR, 7EIX
FEFRIR PRI B T R AT R A 3 A5t T A 524 B )
WK, X8 ) B IR AN 3 T A A o R B
AL,

TR U 30 ER R O A 1) WC ARZEL A, dfokE 43
ATTEZEA . T 4 R 1 42 Ja SR ARG 45 A R, a8 R 25 A
HEE (Cod , BN Co AHXS T WC BURLR I H R I 1%
fEBERIAR SRR . £ (ND gk (Fe) tHRTERS
SERPRHO) B R £ 4 DR L B AR o B (S 4
MAET AR (RFERG Sk IBgreiske) « W REIH (BR
Vilsk. BFSkE) FIBRERE 5 MINLI) R BERGE

Wi HER: 2023-11-09

SETAETTIZ M, HETE AR S k.
TIXLER HIASE AR 2%, AR I 26 A AAS [ i AR
Jr AN AN A A i, BRI KA . 41
A R IR AR, T e iR,
ARG B om E PUE IR LI 3 B AR OU S5 H BB 1)
FRIS, 5 < 1 BES R AR R e T LA BB A YRR P b
DL A B RLBRL N U RE®, (ERRIERRSE T, Rhgh
MM, TIAERRPEPR T ARG 25 AR 2 BB T R Or g
J2, WC stk AR BUsh, 1 FRE R & 47 Sl T I
B e RO LA B AN ST B85 A » AN L i ) R
h, HEAE Co FRMAMARLUE, WC ki RIS, &
HORFFSREERS, —BREOMR, sa W4 WC ik
I AE AR AR PRI, 2 SRR,

HAT, N7 oy B & e ithge, S i
A5, JEHBR 7 ARYE BT N 37 S AR SR A ik 4
EORS L5 AN B A BE A <4k, — SR AR Tiu Nb.
Ta. Cr. VTSRO EEH,  LASR m U T
ThPERE . Filhn, RSB, W0 TiC. TaC Al
NbC SEAIMAGER & e rf, TR A, AR
JGF ST, G A RSB PREEAH, W5 R
i WC-Co M £ 4 /F AR R o (M AR S  s@id IF R &

HEWH: EFREAWAITER (2022YFE03140000, 2021 YFE03120002); 224 BHL B AT (2022); &S %R #REH 5]

itk (B18018)

TEEENT: RER, B, 1962 44E, Ht, #9%, GIETIRSMRERYE TR, %28 48 230009, E-mail: yewu@hfut.edu.cn



* 2362 -

Mty @A RS TRE

5553 4%

TERIOWEE R, T DUAR 25 5y Hh e st B 5 4 4 1) RS
MYERE. BT &8 Co A m, PUALMEAR, W& il
55, TEAAEIRE R HOUT R RIS, AN
AR TAEMEGE 2508 T HARE S5 AHA4 K, 40 Niv Fe
Ni-Co-Fe il Ni-Cr-Fel">"°), thAb, K H & A B4 A
PRI A 4 7= S BRI 2 5, SR R B . R Tl
F1RE N, ik, $AEERY TiC. TiN. TiCN 1 ALLO,
SEPRLE H TR A e AT IR )E, AR
BEPY, Hu 2R A OGBS E X E /I HL )BT Ni 3 WC
HEWE, BIEEMARBURRERE RN IR IR
BEATHRJZ (0 ) B B R v 1T 7 A5 S el As Jk
EAPEH 7 (FH Niv Cr. Ni-Cr. NiCrMo FlE & 43
A DL e 4 AR 43 B A LA Co) DA R R gk
S5 WC IR)Z, WC-Co J: 4 J& M %ol J2 1A 65 b ek e gk
FIREPP, gE LRTR, ARIAREL. ARG IR
SR ) F S W T i R T R ok R ) R A
BRI, AR SCET S b B TR N A R A 4 ) L EE
AT N, DLROAIRET. KSR . AR R
(10725 A o B8 I A ) L PR PR L S b B O Il R AT
T LR T

1 W REREEMERREMITA

T G 4 JJ H AR LA P i TR SRS
P EAPAE S AL TOLATI,  #ox ser= 5 n] fE 2> [
P T 2R 2. WC-Co B iR A 4 (AN [F) 2R 35p =0, 4
FEEE RIS 2P h . RELORHGE S (L0
AR TR S X e S — R a2 B T RE 2
WC-Co B Jii A4 30 £ ZE R o & 1 SR R R L
R7TEE (F 1a~1d) FigikE (E le~10 , EHTIR
A TIRFN ISR, JIAXS TSR ISR, A
A R S, TSk R BT DAL, G
WC-Co R FA & HIER), it 2 RS R I, X2KT)
Horp IR B A BIRBR  7) B 5 BT RRTTE
45%L AT, TR R B A TR R A 4 T3k TAE

Fragmentation of WC particles
during wea

Removal of WC particles
during wear

/ — a b
e on f/ J J

B SRS L AR TAEHT R LAE 80 h J5 &l Skxt He
Fig.l Comparison of typical shield machine®?": (a) positive roller
cutter, (b) double center cutter, (c) double-edged roller cutter,
(d) three-flute roller cutter with tungsten carbide; (e) drill bit
before work, and (f) drill bit after 80 h working

AT E) Co # K™ HE DL A I R GUE A3 A
EapirhidERE T BREHIIRAN, gk TR
HIRE T & Sk 5, T RO AR R S AR e,
JR A G o AR A 2 B RIHLBRORT B Ak 22 A AR S 80T
OB ZE, 13T, AR R, X
H2FH WC BRI R . R AL FH RS Sk AN TAE
80 h J& B Sk (ML R ] 1f fios, S0 dT Sk RR
BRI, R 2R AT Sk o B BU™ 1R FLAG L
Kl 2 R 7 WC-Co it &4 1) 4 Fh 3 B 70 B AL
Hn R BE G BERE AR R L, EEW R

Removal of corrosion
or oxide layers

Removal of binder/rock
mixtures after crushing

B2 WC-Co T Fi &4 4 Fh 3B BALHI75 & K

Fig.2 Schematic diagrams of four main separation mechanisms of WC-Co cemented carbide
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Fig.3 Morphologies of typical cemented carbide tools after wear or corrosion: (a) fracture of WC grains, (b) large-scale detachment of the matrix,

(c) fragmentation and detachment of the binder phase, (d) formation of oxides by corrosion of WC, (e) crack extension, and (f) WC grain fragmentation

[28]
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Fig4 Schematic diagrams of corrosion mechanism of cemented carbide tools®>”: (a) new surface of cemented carbide after corrosion,

(b) oxidation and reduction reactions, (c) corrosion product, and (d) corrosion product exfoliating
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Fig.9 RTS contours in WC-Co with Co content of 6.2wt%, 8.5 wt%, 10.0 wt%, and 12.0 wt%: (a;-as) minimum principal stress distribution in the

[58].

WC phase; (bi-bs) maximum principal stress distribution in the Co phase”™; (ci-c4) minimum principal stress contours in WC grains of 0.45,

0.80, and 1.80 pm and the minimum principal stress directions in WC grain; (d;-ds) maximum principal stress contours in the Co phase and the

maximum principal stress directions in the Co phase in cemented carbide for WC grains of 0.45, 0.80, and 1.80 pm

[59]
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Fig.10 Simulation results showing the surface of cemented carbide after five repeated thermal shocks at A7=180 K (a); comparison between

simulated changes in microcrack density as a function of the number of thermal shocks of cemented carbide and experimental changes (b)™%;

relationship between microcrack length (c) as well as hardness (d) and the number of thermal cycles at different pH values

[52]
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Table 1 Study of residual stresses in cemented carbides
Materials Research content Conclusion
WC-Col™™ Stress-strain behavior under different binder phase Residual thermal stress of WC matrix and Co is a linear function of
content and residual thermal stress Co content
Smaller WC grain size, lower Co thin layer ratio and higher triple
WC-Col™) Effect of residual thermal stress on mechanical connection ratio of adjacent WC grain and Co phase are beneficial to
behavior of cemented carbide with different grain sizes reduce stress concentration and to improve the strength and fracture
toughness of cements
Finite element simulation and experimental verification
WC-CoP” of residual thermal stress, fracture toughness and Crack initiation occurs mainly at the WC/WC grain boundary
hardness
Thermal residual stress neutron diffraction NbC particles are almost spherical, which results in the decrease in
NbC-Nil*! o residual stress with the increase in binder phase content and carbide
characterization .
grain size
Effect of microstructure coarsening on fracture toughness can be
WC-Cols) Mechanics and mechanism of crack propagation explained by considering the effective role of ductile ligament bridging
resistance under monotonic and cyclic loads and crack deflection, rather than the inherent crack propagation
resistance of WC, as a prominent toughening mechanism
[61] Finite element simulation of thermal residual stress in Effe.ctlve Macroscopie thermfil mechamca.l properties and thermal
WC-Co . residual stress of WC-Co microstructure in sintered samples are
microstructures . . .
obtained by finite element analysis
) Effect of WC reprecipitation on state of residual stress Final re51_dual stress state is 1_ndependent_ of the cooling state. The
WC-Co . average cooling rate of 0.5 K/min to 4 K/min does not result in a change
in WC20 . ; . .
increasing from in the final residual stress state
Thermal residual stress at the center of large size WC-Co cemented
WC-Col® Thermal residual microstress of cemented carbide carbide workpiece is al?out 1.8 times of the surface thermal residual
stress, and the calculation formula of the surface and center thermal
residual microstress of WC-Co cemented carbide specimen is proposed
. . . WC particle size and Co content have significant and measurable effects
Effect of WC particle size on the mean relative stress . . . .
WC-Co*™ P z Y on RTS in WC-Co composites. As the Co content increases, the size of

and internal strain of a series of WC-Co

the average RTS in WC increases

T IR TR v B 55 4 il 2, WC-Ni > WC-Co >
WC-Fe. #Rifii, WC-Ni B&fikF WC-Co [, H Co
VENHE T A SRR A5 AH EE %5 L Ni FI Fe SAR SR I%T WC
e RENEYE, WC TE Co Hnf DASRAS B R VA IRRE, 3R
30 WC-Co ZM8 5 & 4 B AR5 (H LI RECCT,
5 Ni #1 Co ML, Fe BIBEEHS: . Bl AN 5 Pk e 4
%2, EWEMEA . JERE, 28 W, Co Al Ni %tk
e 7l 2 R ar . FMR, JFH WC £ H HEGH
0.01 mol/L H,SO,+0.99 mol/L Na,SO, (pH=2.55) V&
R R AF B, (H S 418 52 5 B )
Rocha®% N#Jf %t 7 WC-Co. WC-Fe-Co-Ni, WC-Ni-Cr-
Co-Mo F WC-Ni-Cr-Mo 5N [RIKE 25 A6 573 (PR o 6 45
£ H HBES NaCl VR h 2 55 24 h J5 B30T B B
5 COCP) , 431 °4—0.343 . —0.386. —0.052 F1—0.057 mV,
H UL AT BAE H N BP0 iV REAH R T Co R
Uf o WC HERE 5 A S IR JE ik itk 5 BEH R T Ho R sy, B
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KEEEAH Ry, DA AL Co-Cr S804 J2 A BR AR K 25 41
(R AR SR A2 re 1K SR DT 3 oo b, a2
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2, REEE Tk, Ha R 7 proR®l B, kS
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I Ee 81l 14538 1) G 35 R UG S AR R 4L, DA
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P PLohdiSEMERe, AR AT AR RO U I T RIS Sk 1 2
REAPRHOTIT (AR R, W 8 N S IESE WC-HEAs
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Table 2 Corrosion behavior of tungsten carbide cemented carbide with different compositions and microstructures in different corrosive media

Conclusion

Corrosive material

Material
WC-Co*™ -
Co(W,C)" 0.5 mol/L H,SO4
WC-Col* 0.5 mol/L H,S04
WC-Co 0.01 mol/L H,S04+0.99 mol/L Na;SO4
WC-NiP*" (pH=2.55)
3.5% simulated (concrete, soil and
WC-Cot* mine) solutions with and without
chloride
WC-Co?¥ Real conditions of service
WC-10Co
WC-10Ni 0.5 mol/L H,SO4
WC-10Fe*!
WC-VC-CoP” 1 mol/L H,S0, and HCI
0.1 mol/L HC1
WC-15CoB! 0.1 mol/L (NaCl)

WC-Co(small
amount of VC

0.1 mol/L NaOH

Acidic/3%NaCl
(pH~2.8) and neutral 3%NaCl solutions

and Cr,C3)!*!
WC-C
WC-C o—I\?im] 0.5 mol/L H,SO4
[90] 0.5 mol/L H,SO4
WC-FeAl-B and 1 mol/L NaOH

WC-Co!

Synthetic mine water solution

Synergies must be used to describe the combined effects of
wear and corrosion mechanisms

The addition of W and C reduced the corrosion current density and shifted the
corrosion potential value in a more positive direction

The formation of passivated cobalt chromium oxide layer improves the corrosion
resistance, and the higher tungsten content leads to a slight increase in corrosion resistance

The Ni bonding phase has better corrosion resistance than Co, but it is worse than pure
Ni because it forms a passivation film that protects the surface from further corrosion

WC-Co materials showed higher corrosion rates in chloride-contaminated simulated
mine solution, followed by chloride-contaminated simulated soil solution and
chloride-contaminated simulated concrete solution

The only way to improve the efficiency of the bit is to switch the corresponding bit
under various conditions

Corrosion resistance follows the following order (WC-Ni) > (WC-Co) > (WC-Fe)

The corrosion current density decreased with the increase in VC addition

In neutral and acidic solutions, corrosion occurs primarily through Co dissolution.
The WC particles in WC-CO dissolve significantly at alkaline pH

A small amount of added Cr3;C; significantly improved corrosion resistance. A small
amount of VC has little effect on corrosion resistance

The pseudo-passive behavior of WC-Co and WC-Co-Ni cemented
carbides was confirmed

Boron above 500 ppm increases the corrosion rate. The current coupling between the
FeAl-B bond phase and WC accelerates the dissolution of the bond phase

Corrosion occurs due to the selective dissolution of the Co binding phase, leaving a
skeleton of WC grains by consuming the remaining Co matrix
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Research Progress on Friction and Corrosion Behavior of Mining Cemented Carbide

Wu Yucheng'?, Tang Junyu'?, Yang Yu'?, Lu Zhenyun'~, Bao Zhiyong', Zhu Xiaoyong®®, Luo Laima'?
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(2. National-Local Joint Research Center of Nonferrous Metals and Processing, Hefei 230009, China)

(3. Institute of Intelligent Manufacture, Hefei University of Technology, Hefei 230051, China)

Abstract: Cemented carbide is a kind of cement containing hard phase (WC) and soft bonded phase (Fe, Co, Ni, HEA, etc.) and its combination of
good friction resistance, high hardness, good hot hardness and other excellent characteristics makes cemented carbide widely used in mines,
tunnels, drilling and other geological engineering. Due to the complex actual service environment, cemented carbide in geological engineering
applications often faces extremely harsh working conditions, and there are many failure mechanisms, such as friction, corrosion and thermal shock,
each of them or a combination will cause the failure of cemented carbide materials. Therefore, understanding the failure mechanism of cemented
carbide in geological engineering applications is of great significance for the selection and improvement of cemented carbide materials in different
environments. The friction and corrosion behavior of cemented carbide for mining was reviewed, focusing on the influence of environmental and
thermal stress on cemented carbide failure. In addition, due to the important influence of composition on the microstructure and mechanical
properties of cemented carbide, the influence of binder phase and additives on the friction and corrosion behavior of cemented carbide was also
reviewed. It aims to provide a reference for the selection, improvement and development of new cemented carbide in the future.
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