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Effect of Oscillatory Pressure Amplitude on Microstructures
and Wear Resistance of Tungsten Carbide
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Abstract: Achieving complete densification of ultrafine-grained tungsten carbide (WC) without inducing grain
growth has long been a challenge, which limits industrial applications of WC. The dynamic sinter forging process,
which involves forging of incompletely dense materials under oscillatory pressure, facilitates densification while
suppressing grain growth. This study explores effects of oscillatory pressure amplitude during dynamic sinter forging
on microstructure and tribological properties of WC. The results show that increasing pressure amplitude leads to
higher relative density of WC, accompanied by a reduction in grain size, an increase in proportion of low angle grain

boundaries and special grain boundaries X2, as well as an enhancement of dislocation density. At a pressure amplitude
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of 20 MPa, the relative density, average grain size and dislocation density of WC reach 99.6%, 203 nm and 1.68x10" m ?,

respectively. With an increase in pressure amplitude, both the friction coefficient and the wear rate gradually decrease.

Under this condition, the adhesive wear and ploughing were identified as the dominant wear mechanisms. The

reduction in wear rate is attributed to complete densification, finer grains and higher dislocation density, which result

from the increased pressure amplitude. Grain refinement and high dislocation density enhance plastic deformation

capacity and hardening ability during the wear, thereby increasing hardness of worn surface while mitigating crack

initiation and propagation. Furthermore, special grain boundaries X2 also effectively impede motion of dislocation,

thereby improving strain hardening capability and enhancing hardness of worn surface.

K ey wor ds: tungsten carbide; oscillatory pressure; microstructure; wear behavior
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Fig. 1 Schematic of dynamic sinter forging
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Fig. 4 Relative densities and fracture morphologies of WC
samples prepared under different pressure amplitudes

(a) Histogram of relative density against pressure for WC samples;
(b-d) Fracture morphologies of WC samples prepared under (b) 80,
(¢) (70+10), and (d) (60+£20) MPa

gE R, UL R AR IE 0T AR WC RRE
TEBN A G R LA R . 54,
XF 1R A 20 MPa B be&h i) WC A 5 AN R A7
BT RIERIL, B8 B BI04 i35 &) v
(E S1), BPSFLAN SRR S 43 A3 50

W 5 FTR, B SRR ST BE A T 71 PR 18 1)
BRI /DN, 76 20 MPa [ /J4RIE T, Sk R ~fik
F) 203 nm, 5 WC R R I FRFRRL AR A 2 0 X1
B, B IR D IR E AE 08 B ] WC R R R
(1800 C)Fydspi A, L4 T. 2 % 1) WC F
ZARLE 1600 °C LA E# R A KB gk, s
FIHR I AT LAIE IRE i /N A O SRVRR R R A 22
) &5 HE (B 6).

W 7(a~c)fi7R, Besh FE i o BN AR B 2 T
FIFREIE A IR, R B4R w0 ST IR IR G805 76 FF 5
T AL . 4R SRR A 20 MPa i,
455 BEIAF) 1.68x10" m 2 7(d)). H4b, & E



HoW

B, S AR5 7R X e P 455 TROUL 495 g A B 458 3 P e

apA 967

0.16
_0.14]
Borl
% 0.10 |
8008
£006]
8004
=~

0.02 |

0

Average size: 251 nm

0 01

0.2
Grain size / pm

03 04 05

0.12 +
0.10 +
0.08 +
0.06
0.04 +
0.02 +

Average size: 236 nm

Fraction coefficient

0
0.6 0

0.1

02 03 04 05 06 07
Grain size / pm

Average size: 203 nm

0
0 0.1

0.2
Grain size / pm

03 04 05

PSS IFLFE AR T ) 46 0 WIC R 0 5 L 40 B8 ) BRI 4 BT

Fig. 5 Diagrams of grain orientations (up) and grain size distributions (down) for WC samples

prepared under different pressure amplitudes

(a) 80 MPa; (b) (70+£10) MPa; (c) (60+20) MPa. Colorful figures are available on website
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Fig. 8 Tribological properties of WC samples prepared under different pressure amplitudes
(a) Friction coefficient as a function of time; (b) Average friction coefficient and wear rate Vs. pressure; (c) Wear scar depth vs. width



HoW

B IR, A5 IR M 0 IR MR T B DAL Al R 28 e AR B 8 45 1P E ) B2 )

969

9 AR S IR0 il %K) WC R i ) IR 3

Fig. 9 Wear scar morphologies of WC samples prepared under different pressure amplitudes
(a-c) 80 MPa; (d-f) (70+10) MPa; (g-1) (60+20) MPa

K10 S 74RIE D 10 MPa I WC ¥ it B2 JR 2 1 & 6 0 ) TR SRR 3 23 A

Element W C Fe O
% (in atom) 4.1 3.0 36.2 56.7

10 pm 2 3 4 5 6 17
e Energy / keV

Fig. 10 Morphology and element characterization of adhesive phase of WC sample
prepared under pressure amplitude of 10 MPa
(a) SEM image; (b-e) EDS mappings corresponding to (a); (f) EDS spectrum corresponding to point in (a) marked with + symbol

WC P M EE 45 B A4 fioh o b2 7 R0 v 1 s e A
WIS TR, BB R P i R A S T AR B A A,
M WC B . S ILRm, BRI
Fe JLRRKAEFMAER Fe,05, FiMNIEBEMIRTT. XK
] WC Fi e i 3 BB LB O B AN AL
TEPE A AR R, WC P 88 38 23 A d ok
T LA e, AT 3 B R A 1 ) e 4 4B T
S WC Fi B R B 25 1 R T AR AT S

RGBT A R T WC EhL N TE 1
AL (B 7), BN A B T AL A,
[ I o I Aoz 5 AR AR T R b B T AR BH 0, AT ¥
RO iE 0N, SRR e 0, 5 A
VARREN RS AWK S U VD B30 Q: K SR E SN i
BRCRYE o o TOLEL 8 A BRI, A2 A5 IR 3 fE 7
IR, T EGRPE EAE ALY IR AT R AR
TR R A B e P, R N R B A AR . WC



970 o AL B R R

540 %5

W) T FR) % 0 2 B A s ) R M 14 KT PR AR, HG 32
R . 1) WC gsRLRSTI/, #R45 Hall-Petch 28 &,
HARPUAS T e A7 48 90, PR o 7 B 5 o A o g
PORFEIkSZ; Fi4b, 2 b S 3G 2 00 R 4 I BELAG 1R
PR nT 3R R AR RE AL AE 1. 2) WC FE
P55 FE I K e 3 5] 0 A, e T AR s 3 210
SAYEAS T BE T RIAS 4T 4, A AR T B s A0, A
T 400 1) Je3 3 140 J B0 AR T B bl b AR (R B AL, PRGBS
I8 i

3 &g

AW TR T IR I I4RIEXRT WC F B ROl 4
R FHBESR BRI RE I SN o 5 SRR T, i i U IR
RERE A ARt WC M RAE sl b i Bud iR T i Ek
#A, HOE TR A B, JFEIRE R, RN S
NP B FORVRE IR R O 22 b, T R R B v H AT
BB ST A . e R AL E WC PR R EAL T
MR AL EEE), SR BIERILRE T, SN TI%
SISO A AN, BN B R RS R A
FEMVRFIR S 5 22 5 LIS mofs FRAS A A iz 3, 1K
IR, SPEEE S I IRIERE K, WC Fa &)
AR BEAR

FhFEM AL

A A k< kb 78 M OB IE B 3 https://doi.org/
10.15541/im20250051 75 5% .

S % 3k

[1] SUN J L, ZHAO J, HUANG Z F, et al. A review on binderless
tungsten carbide: development and application. Nano-Micro Letters,
2020, 12: 162.

[2] RENXY,MIAOHZ, PENG ZJ. Areview of cemented carbides for
rock drilling: an old but still tough challenge in geo-engineering.
International Journal of Refractory Metals and Hard Materials,
2013, 39: 61.

[3] KORNAUS K, RACZKA M, GUBERNAT A, et al. Pressureless
sintering of binderless tungsten carbide. Journal of the European
Ceramic Society, 2017, 37(15): 4567.

[4] GUBERNAT A, RUTKOWSKI P, GRABOWSKI G, et al. Hot
pressing of tungsten carbide with and without sintering additives.
International Journal of Refractory Metals and Hard Materials,
2014, 43: 193.

[5] ANDERSON K P, WOLLMERSHAUSER J A, RYOU H, et al.
Nanostructural effects beyond Hall-Petch: towards superhard
tungsten carbide. Acta Materialia, 2024, 275: 120004.

[6] SHON I J, KIM B R, DOH J M, et al. Properties and rapid
consolidation of ultra-hard tungsten carbide. Journal of Alloys and
Compounds, 2010, 489(1): L4.

[71 KUMAR A K N, WATABE M, KUROKAWA K. The sintering
kinetics of ultrafine tungsten carbide powders. Ceramics International,
2011, 37(7): 2643.

[8] &RJr, 23K, ZFHaE. ToRS A WC REBU& < T k. Ao
£r4x, 2021, 38(4): 297.

[91] MAZO I, MOLINARI A, SGLAVO V M. Electrical resistance flash

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[19]

[20]

[21]

[26]

[27]

(28]

[29]

[30]

(31]

sintering of tungsten carbide. Materials& Design, 2022, 213: 110330.
LIU J L, LIU D G, REN K, et al. Research progress on the flash
sintering mechanism of oxide ceramics and its application. Journal
of Inorganic Materials, 2022, 37(5): 473.

HUANG B, CHEN L D, BAI S Q. Bulk ultrafine binderless WC
prepared by spark plasma sintering. Scripta Materialia, 2006, 54(3):
441.

ZHAO J F, HOLLAND T, UNUVAR C, et al. Sparking plasma
sintering of nanometric tungsten carbide. International Journal of
Refractory Metals & Hard Materials, 2009, 27(1): 130.

CHA S I, HONG S H. Microstructures of binderless tungsten
carbides sintered by spark plasma sintering process. Materials
Science and Engineering A, 2003, 356(1/2): 381.

LANTSEV E, MALEKHONOVA N, NOKHRIN A, et al. Influence
of oxygen on densification kinetics of WC nanopowders during SPS.
Ceramics International, 2021, 47(3): 4294.

MADIJ,KOU Z L, LIU Y J, et al. Sub-micro binderless tungsten
carbide sintering behavior under high pressure and high temperature.
International Journal of Refractory Metals & Hard Materials, 2016,
54: 427.

GRASSO S, POETSCHKE J, RICHTER V, et al. Low-temperature
spark plasma sintering of pure nano WC powder. Journal of the
American Ceramic Society, 2013, 96(6): 1702.

XIE Z P, LI S, AN L N. A novel oscillatory pressure-assisted hot
pressing for preparation of high-performance ceramics. Journal of
the American Ceramic Society, 2014, 97(4): 1012.

ZHAO K, ZHONG W M, SUN M Y, et al. Sintering mechanism of
pure B,C ceramic prepared by hot oscillating pressing and with
excellent mechanical properties. Advanced Engineering Materials,
2024, 26(16): 2400695.

WANG K W, ZHAO K, LIU J L, et al. Interplay of microstructure
and mechanical properties of WC-6Co cemented carbides by hot
oscillating pressing method. Ceramics International, 2021, 47(14): 20731.
LIUD G, FANJ Y, ZHAOK, et al. Preparation of super-strong ZrO,
ceramics using dynamic hot forging. Journal of the European
Ceramic Society, 2023, 43(2): 733.

ZHAO K, FENG P Z, TAN J, et al. A new route to fabricate high-
performance binderless tungsten carbide: dynamic sinter forging.
Journal of the American Ceramic Society, 2023, 106(6): 3343.

HE Z B, CHEN F, LIU D G, et al. Sintering behavior of simulating
core FCM fuel via hot oscillatory pressing. Journal of Inorganic
Materials, 2024, 39(5): 501.

TkEnE, DhBE, SEEk, . AL B Eh A P8 % R
3YSZ M. BRiG &M RS S TR, 2024, 29(4): 290.

FOX R T, NILSSON R. Binderless tungsten carbide carbon control
with pressureless sintering. International Journal of Refractory
Metals & Hard Materials, 2018, 76: 82.

POETSCHKE J, RICHTER V, MICHAELIS A. Fundamentals of
sintering nanoscaled binderless hardmetals. International Journal of
Refractory Metals and Hard Materials, 2015, 49: 124.

PORZ L. 60 years of dislocations in ceramics: a conceptual
framework for dislocation mechanics in ceramics. International
Journal of Ceramic Engineering & Science, 2022, 4(4): 214.
ZHAO M J, ZHU Q Q, ZOU J, et al. Binderless nanocrystalline
tungsten carbide with enhanced hardness induced by high-pressure
sintering. Journal of the European Ceramic Society, 2024, 44(8): 4875.
DONGHEF, LIB Z, LIU B B, et al. Extraordinary high- temperature
mechanical properties in binder-free nanopolycrystalline WC ceramic.
Journal of Materials Science & Technology, 2022, 97: 169.

WANG H B, LOU H Z, XING M, et al. Exploring the origin of wear
in cemented carbides via molecular dynamics simulations.
International Journal of Refractory Metals and Hard Materials,
2024, 118: 106476.

SALEM M N, DING K, RODEL J, et al. Thermally enhanced
dislocation density improves both hardness and fracture toughness
in single-crystal SrTiO;. Journal of the American Ceramic Society,
2023, 106: 1344.

XUHY, JI W, GUO W M, et al. Enhanced mechanical properties
and oxidation resistance of zirconium diboride ceramics via
grain-refining and dislocation regulation. Advanced Science, 2022,
9(6): 2104532.

MISHRA M, TANGPATJAROEN C, SZLUFARSKA 1. Plasticity-
controlled friction and wear in nanocrystalline SiC. Journal of the
American Ceramic Society, 2014, 97(4): 1194.

FU L C, ZHOU L P. Effect of applied magnetic field on wear
behavior of martensitic steel. Journal of Materials Research and
Technology, 2019, 8(3): 2880.



Hom B, S AR 7R X T P 45 TROUL 495 e AR B 458 % 43 P FE 14 52 i

#h et
137 I 71 R0 X Bk 4L $5 S W 45 A 70 R I R 4R M RE RO 2 Wi

PR BB FRIES S, XIMEDG Y, X4, arkE ]
(1. PRI S 5 iR be, AR 61175652, TU)IERAL T RS MRHRE S TSP, HIT 643002; 3.
ZREEHL T 2N MU CRE24PE, 458 523808; 4. Fird 308 K% MRS TRESFE, WS 611756)

S

ST,

4.?0

— < al =

B S1 & Ji4RIEN 20 MPa It WC #5811 AN [ A7 & 1) SEM 18 F

Fig. S1 SEM images of different locations on cross-section of WC sample prepared under pressure amplitude of 20 MPa

8.642 um ©®) 2.172 pm (©) 6.311 pm
6
1 4
4
0 2
2
0 -1 0
-2.324 -2.166 -2.092

(70+£10) MPa

(60+£20) MPa

Bl S2 AEEJHRIE T WCFE S 1 =488 R B0
Fig. S2 Three-dimensional surface topographies of WC samples prepared under different pressure amplitudes
(a) 80 MPa; (b) (70£10) MPa; (c) (60+20) MPa



