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a b s t r a c t

The use of cemented carbides is ubiquitous in many fields especially for mechanical

toolings, dies, and mining equipment. Surface finishing of cemented carbide down to

atomic level has been a long-standing quest in manufacturing and materials community.

For application of complex-shaped cemented carbide components, this work proposes a

novel ‘chemistry enhanced shear thickening polishing’ (C-STP) process using Fenton's re-

agent to obtain sub 10 nm finished polishing at a rate twice that of the conventional STP.

This work offers quantitative insights into the influence of the concentration of Fenton's

reagent on the polishing performance. While the material removal rate was seen to be

sensitive to the concentration, the surface roughness (Sa) was found to be insensitive to the

concentration of Fenton's reagent. The electrochemical experiments proved that Fenton's

reagent could effectively reduce the corrosion resistance of tungsten carbide-cobalt alloy.

The characterization of polished carbides using XPS and EDS revealed that the cobalt

binder gets removed preferentially during C-STP, which explains why the material removal

rate during this technique becomes twice that of conventional STP. This study provides a

promising method for high efficiency polishing of tungsten carbide-cobalt alloy parts with

complex-shaped such as micro-drill.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cemented carbides possess excellent mechanical properties

such as high strength, wear resistance, nanoindentation
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hardness and impact resistance. Carbides are widely used as

materials for cutting tools [1], molds [2], mining equipment [3]

and various other engineering components. Reducing the

surface roughness of carbide components can improve their

life and their performance [4,5]. Surface roughness directly
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Fig. 1 e Schematic of C-STP process.
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influences the optical performance of an optical lens which

explains why surface finish of a carbide mold becomes so

important in industries to gain competitive edge [6]. The

preparation of cutting tool radius and rake face is necessary to

eliminate microscopic defects, and improve the surface state

for reduced stiction with chips to extend the tool life [7].

Proper treatment of tool surface can facilitate smooth chip

flow which improves its wear resistance [8]. Currently, the

main precision manufacturing method used for finishing

cemented carbide is grinding [9,10]. However, high hardness

and low thermal conductivity of carbide leads to the genera-

tion of grinding induced defects such as grinding burns or

cracks which can compromise tool life [11,12].

Polishing is an effective method to reduce the surface

roughness of components [13,14]. Thiyagu et al. [15] adopted

magnetorheological fluids to polish the carbide blade which

leads to reduced wear losses. Okada et al. [16] found that the

surface of cemented carbide became smoother after electron

beam irradiation polishing. In addition, Co used as a binder is

slightly condensed on the surface, leading to the improve-

ment of water repellency. Beaucamp et al. [17] studied the

surface integrity of tungsten carbide with water jet polishing.

They found that using a large abrasive grit size with low fluid

pressure is preferable to achieve good quality of surface

texture. Deng et al. [18] used electrochemical polishing on

cemented carbide and obtained a surface roughness (Ra) of

17.6 nm.

Hu et al. [19] performed chemical-mechanical-polishing

(CMP) of the YG 8 carbide tool with polishing slurry contain-

ing H2O2 and the surface roughness (Ra) of the front tool face

in the range of 14.4 nm was reported. Mao et al. [20] charac-

terized the chemical principle of tungsten carbide-cobalt alloy

in CMP slurry by SEM/EDS, XRD and XPS and found that the

chemical action in H2O2 is galvanic corrosion. Qin et al. [21]

analyzed the elasticeplastic deformation of abrasive in CMP

process of cemented carbide and established MRR model

considering the synthesized effects of multi-factors, the pre-

dicted MRR value and the experimental value is lower than

2.18%.

Usually, the afore-mentioned polishing trials have largely

been demonstrated through small scale R&D laboratory based

research efforts, whereas, in reality, tools with complex

shapes are commercially finished by the use of methods such

as drag finishing [22] and abrasive brushing [23]. In a series of

efforts, Lyu et al. [24] investigated shear thickening polishing

(STP) of carbide tools and reported a surface roughness (Ra) of

less than 10 nm at the cutting-edge. This was found to greatly

enhance the edge integrity after STP. Span et al. [25] proposed

a novel finish machining process in which the medium was

made up of non-Newtonian fluid to become compliant with

the workpiece at sharp edges. This method could well be

applied to surface finish complex shapes as well as for the

edge preparation of cutting tools such as drills and end mills.

Shao et al. [26,27] utilized fiber-assisted STP method to pre-

pare carbide insert edges. It showed that the polishing angle

significantly affected the edge radius and a surface roughness

of the order of 5.2 nm was achieved.

STPmethod [28] utilizes shear thickening effect of the non-

Newtonian fluid, which is an efficient and flexible material

removal process. STP can be adapted to edge preparation with
complex shapes which can meet the requirements of surface

quality and integrity at a large scale. While the original STP

methodwasmotivated by enhancing themechanical action of

abrasive, the polishing efficiency of materials such as

cemented carbide continues to remain much lower due to

high wear resistance and hardness of carbides.

Addressing this major impediment, this work proposes a

novel chemistry enhanced shear thickening polishing (C-STP)

method. The combined merits of chemically active and me-

chanically abrasive action of polishing slurry were exploited

to promote shear thickening effectswhich has shown promise

over conventional STP. This paper elucidates the role and

significance of the concentration of the Fenton's reagent in

influencing the material removal rate (MRR) and surface

roughness of tungsten carbide-cobalt alloy as a testbed study.

The chemically corrosive action of Fenton's reagent to the

tungsten carbide-cobalt alloy was investigated through the

electrochemical analysis as well as additional analysis was

performed to study the microstructural changes using tech-

niques such as the SEM, EDS and XPS analysis.
2. Principle of C-STP with Fenton's reagent

Fig. 1 shows a schematic illustration of the C-STP process

where the chemical reagent in the polishing slurry due to its

high chemical affinity diffuses into the workpiece's surface

and reacts with the workpiece (tungsten carbide-cobalt alloy).

The surface material of the workpiece oxidizes to a reaction

layer which gets easily removed through the simultaneous

mechanical action of the grits.

Shear action occurs due to the relative motion between the

slurry and the workpiece and the viscosity of the polishing

slurry increases rapidly at the contact area. When the

shearing velocity reaches a certain value, the shear thickening

phenomenon occurs. The solid phase particles in the contact

area form a ‘particle cluster’ wrapped around by the abrasive

particles. The solid phase particles improve the ability to hold

the abrasives, and the slurry shows solid characteristics in

this area. In the process, the chemical reaction layer gets

removed by themicro-cutting action of the abrasive. The fresh

material of the workpiece becomes exposed again, and the

chemical reagent continues to react. The cycle repeats and the

combined chemical and mechanical action result in high ef-

ficiency and high quality polishing of difficult-to-cutmaterials

such as cemented carbides [29,30].
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Table 2 e Mechanical properties of the polished tungsten
carbide-cobalt alloy sample.

Density
(g/cm3)

Hardness (Hv) Flexural
strength
(MPa)

Fracture
toughness
(MPa$m1/2)

100 gf 500 gf 1000
gf

13.8 1748.99 1634.97 1518.96 1900 9.6
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Fenton's reactionwas first proposed by the French scientist

Fenton, the reagent composed of Fe2þ and H2O2 is referred to

as Fenton's reagent [31,32]. Fenton's reaction is a complex

process and a common view that describes the process is

based on the free radical theory proposed by Harber and

Weiss, in which the main reactions formula are [33]:

Fe2þ þH2O2 / $OHþOH� þ Fe3þ (1)

Fe3þ þH2O2 /Fe2þ þ $OHþHþ (2)

H2O2 can generate hydroxyl radicals ($OH) catalyzed by

Fe2þ. The strong oxidizing ability of Fenton's reagent is mainly

attributed to $OH. Its oxidation electrode potential can reach

up to 2.8 V [34] as shown in Table 1, which is lower than F2 but

far higher than H2O2.

There are many other factors that can affect Fenton's re-

action rate, such as reaction time, input of Fe2þ, input of H2O2,

initial pH of the solution and reaction temperature [35]. The

oxidation capacity of Fenton's reagent becomes stronger with

the increase of Fe2þ andH2O2 in a certain range and there is an

optimal ratio of Fe2þ and H2O2 so that themechanical removal

rate of shear thickening could match the chemical corrosion

rate of Fenton's reagent. The key to achieving the high effi-

ciency polishing target relies on this ratio which was the core

mission in undertaking this investigation.
3. Experiment setup

3.1. Pretreatment of tungsten carbide-cobalt alloy
samples

The workpiece used for the polishing experiments was

cemented carbide, YG-8 supplied by Chengdu Tool research

institute Co., LTD, China. The material composition included

WC grains with Cobalt (Co) binder wherein Co accounts for

about 8 wt.%. To facilitate the characterization of polishing

performance samples with a square shape with a size of

13 � 13 � 5 mm were selected for the polishing experiments.

Themechanical properties of YG-8 are shown in Table 2. It can

be seen that the carbide sample has high hardness and flex-

ural strength. The samples were initially hand polished with

the 800# diamond sandpaper such that the initial surface

roughness Sa of 120 ± 10 nm was used at the start of the

experiments.

3.2. Preparation of C-STP slurry

The C-STP slurry with Fenton's reagent was prepared con-

taining polyhydroxy polymers, abrasive particles, H2O2, FeSO4

and deionized water. H2O2 and FeSO4 were added into deion-

ized water and stirred well obtained Fenton's solution. Then

8000# diamond abrasive particles and solid phase
Table 1 e Potential table of common oxidants.

Oxidant F2 OH O3 H2O2 Cl2

Eq (V) 2.87 2.80 2.07 1.78 1.36
polyhydroxy polymers with an average particle size of 11.0 mm

were added into deionized water and stirred well obtained

Non-Newtonian fluid. Finally,mixed the Fenton's solution and

Non-Newtonian fluid, the mixture was thoroughly stirred to

obtain a C-STP slurry with Fenton's reagent.

The rheological curve of C-STP slurry with Fenton's reagent
is shown in Fig. 2. There are three distinct rheological regions

[36], the shear thinning zone at low shear rate, the shear

thickening zone at medium shear rate and the shear thinning

zone at high shear rate. Maintaining the shear velocity of

polishing slurry with the workpiece near the peak in region II

produces the polishing slurry with the high apparent viscosity

of the order of 100 Pa$s. It can form a ‘solid-like flexible

abrasive tool’ and move around the workpiece to efficiently

remove the material from the workpiece surface.

3.3. C-STP experiments

The polishing apparatus used in this work is shown in Fig. 3.

The sample of tungsten carbide-cobalt alloy was clamped on

the polishing fixture and immersed into the C-STP slurry. The

polishing slurry was fed from the polishing tank while the

sample and the tool spins. The detailed experimental condi-

tions are shown in Table 3.

A precision electronic analytical balance (ME225S, Sarto-

rius, Germany) with minimum accuracy of 0.01 mg was

adopted to estimate the amount of material (weight) removed

during polishing and an average of three polishing experi-

ments were considered to obtain the material removal rate

(MRR) during the C-STP process. It is usual during polishing to

obtain the MRR in length/time unit since the area of polishing

remains fixed during the process. In eq (3), r is the density of

tungsten carbide-cobalt alloy, S is the polishing area and t is

the polishing time:
Fig. 2 e The rheological curve of polishing slurry.
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Fig. 3 e Polishing apparatus (a) Schematic illustration of the polishing device (b) Image of the polishing device.
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MRR¼ Dm
r� S� t

(3)

After polishing, the surface topography of the tungsten

carbide-cobalt alloy was measured through an optical 3D

surface profiler (SuperView W1, Chotest, China). Four points

were randomly selected on the sample surface using a

10 � interference objective with a measurement area of

489.5�489.5 mm to obtain the surface roughness (Sa).

The corrosion resistance of tungsten carbide-cobalt alloy

samples in different Fenton solutions was tested by an elec-

trochemical workstation (760e, CH Instruments, China). A

three-electrode electrolytic cell equipped with a platinum

counter electrode of size 20�20�0.2 mm was used. The

reference electrode was an Ag/AgCl electrode with saturated

KCl solution, and the working electrodewas tungsten carbide-

cobalt alloy whose working area was 1 cm2. The open circuit

potential (OCP) test was performed before bringing the work-

ing electrode to a stable state after the OCP changed to less

than 5 mV within 3 min. Taking that OCP as the reference

value, the impedance spectrum was measured by applying a

sinusoidal disturbance of ±5 mV in the frequency range of

10�1 Hze105 Hz. Finally, the dynamic potential polarization
Table 3 e Experimental conditions.

Processing conditions Parameters

Size of the workpiece 13 � 13 � 5 mm

Initial surface roughness (Sa) 120 ± 10 nm

Abrasive Diamond

Abrasive size 8000#

Abrasive concentration 3 wt.%

Polishing speed 2 m/s

Workpiece rotation speed 10 rpm

Inclination angle 15�

Fenton's reagent Trial I: 0.10 wt.% H2O2 with 0

e1.0 wt.% FeSO4

Trial II: 0.25 wt.% H2O2 with 0

e0.8 wt.% FeSO4

Trial III: 0.50 wt.% H2O2 with 0

e0.6 wt.% FeSO4

Polishing time per trial 15 min
curve was testedwith the scan rate of 5mV/s and scan voltage

range of �1.1 to 1.1 V (versus to reference electrode).

To check on the elemental composition of the tungsten

carbide-cobalt alloy surface, the sample was first cleanedwith

deionized water after polishing and dried. The samples

structure were observed by Scanning Electron Microscope

(SIGAM HV, Carl Zeiss, Germany), and the elemental distri-

bution was examined through the Energy Dispersive Spec-

troscopy (Nano Xflash detector, Bruker, Germany). The atomic

valence information of the sample surface was measured by

X-ray photoelectron spectroscopy (ESCALAB 250Xi, Thermo,

America). Finally, CasaXPS software was used to analyze and

process spectral data ofW(4f), O(1s), Co(2p), C(1s) and all peaks

were corrected with C(1s) 284.8 eV.
4. Results and discussions

4.1. Effect of Fenton's reagent on the polishing
performance of tungsten carbide-cobalt alloy

To study the effect of Fenton's reagent on the polishing per-

formance of tungsten carbide-cobalt alloy, different concen-

trations of FeSO4 were added into the slurry with 0.1 wt.%,

0.25 wt.% and 0.5 wt.% concentration of H2O2 respectively. The

influence of the concentration of FeSO4 and H2O2 on the MRR

and Sa is shown in Fig. 4 and Fig. 5. While using 0.1 wt.% H2O2,

the peakMRR of about 871.9 nm/min during C-STP of tungsten

carbide-cobalt alloy was observed when the concentration of

FeSO4 was 0.6 wt.%. However, when a higher concentration of

H2O2 (0.25 wt.%) was used, the highest MRR of 865.9 nm/min

was obtained when the concentration of FeSO4 was 0.5 wt.%.

Also, when the concentration of H2O2 was further increased to

0.5 wt.%, the highestMRR of 869.9 nm/minwas obtainedwhen

the concentration of FeSO4 was 0.3 wt.%.

The surface topography maps of the polished tungsten

carbide-cobalt alloy samples for various concentrations of

FeSO4 and H2O2 (wt.%) are shown in Fig. 5. The ratio of Fen-

ton's reagent showed no obvious influence on the surface

roughness and Sa of about 7e9 nm was consistently achieved

in all cases.

It may be noted that without the addition of FeSO4, MRR

showed no significant change when the concentration of H2O2

https://doi.org/10.1016/j.jmrt.2023.07.112
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Fig. 4 e Influence of Fenton's reagent with different

concentration of FeSO4 at (a) 0.1 wt.% H2O2 (b) 0.25 wt.%

H2O2 and (c) 0.5 wt.% H2O2 on the polishing performance of

tungsten carbide-cobalt alloy.
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was increased from 0.1 wt.% to 0.25 wt.% and 0.5 wt.%. It

indicated that the C-STP slurry with H2O2 showed no signifi-

cant chemical reaction with tungsten carbide-cobalt alloy.

When the shear thickening effect occurred in the C-STP
process, the polishing slurry rapidly transformed from liquid

to solid-like state, which hindered the mobility of H2O2.

Another reason is that, the oxidizing ability of hydrogen

peroxide is weaker compared to the Fenton reagents as shown

in Table 1.

In summary, Fe2þ is essential to form the Fenton reaction

for accelerating the MRR during the C-STP process of tungsten

carbide-cobalt alloy.

Compared to the C-STP slurry with H2O2, the addition of

FeSO4 to the slurry with Fenton's reagent enhances theMRR in

tungsten carbide-cobalt alloy significantly. The strong

oxidizing ability of Fenton's reagent is mainly due to $OH

generated from the Fe2þ catalyzing H2O2. Its oxidation elec-

trode potential reaches 2.8 V [34], which is higher than H2O2.

The tungsten carbide-cobalt alloy was oxidized by $OH and

the hard-to-process material was converted into a loose,

easily removable layer. Therefore, the mechanical removal

efficiency of shear thickening polishing gets greatly improved

by oxidation.

The highest MRR of tungsten carbide-cobalt alloy was ob-

tained with the combinations of 0.1 wt.% H2O2 þ 0.6 wt.%

FeSO4, 0.25 wt.% H2O2 þ 0.5 wt.% FeSO4 and 0.5 wt.% H2O2 þ
0.3 wt.% FeSO4 and the peak MRR at different concentration of

H2O2 remained around 868 nm/min. This result indicated that

the concentration of FeSO4 required to obtain the highest MRR

decreases with the increase of H2O2.

What's more, the polishing efficiency decreases with

continual increase in the concentration of FeSO4 beyond a

certain threshold. Due to the Fenton's reaction, Fe2þ does

excitation and transmission, so that the chain reaction can

continue until entire H2O2 gets consumed. If the concentra-

tion of FeSO4 is too high, it leads to fast consumption of H2O2

which leads to a decrease of MRR. It could also be that the

Fenton's reaction produces an excess of $OH, forming a

passivation film on the tungsten carbide-cobalt alloy's surface
and preventing the chemical reaction. Thus, the MRR showed

a reduction. We shall expand on this aspect in a further study.

4.2. Electrochemical testing results

To understand the reaction mechanism of Fenton's reagent

and the cause of MRR changes, the corrosion analysis of

tungsten carbide-cobalt alloy was performed. The influence of

FeSO4 on the MRR showed similarity at different concentra-

tions of H2O2, therefore, slurry with 0.1 wt.% H2O2 was

selected to investigate the influence of different FeSO4 con-

centrations on the corrosion performance of tungsten

carbide-cobalt alloy. The electrochemical test solution con-

sisted of 0.25 mM Na2SO4, deionized water and 0.1 wt.% H2O2

and different concentration of FeSO4 (0.3 wt.%, 0.6 wt.%,

1.0 wt.%). The corresponding potentiodynamic polarization

curves for different concentrations of FeSO4 are shown in

Fig. 6(a). The corresponding corrosion potential (Ecoor) and

corrosion current density (Icoor) were obtained according to

Tafel analysis and the results are shown in Fig. 6(b) and Table

4. As the concentration of FeSO4 increases from 0 to 0.3 wt.%,

the corrosion potential decreases rapidly from �0.14 V to

�0.34 V. This can bemainly attributed to the $OH generated by

the Fenton's reaction having high oxidizing capacity which

effectively reduces the corrosion difficulty of tungsten

https://doi.org/10.1016/j.jmrt.2023.07.112
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Fig. 5 e Surface topography of polished tungsten carbide-cobalt alloy sampleswith different concentrations of FeSO4 andH2O2.
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carbide-cobalt alloy. As the concentration of FeSO4 increases

from 0.3 wt.% to 1.0 wt.%, the corrosion potential remains

unchanged. It proved that even excessive $OH in the polishing

slurry would not form a passivation film and impede the

chemical reaction.

As the concentration of FeSO4 increases from 0 to 0.6 wt.%,

the corrosion current density increases linearly from 45 mA to

158 mA. This result indicates that the generation rate of $OH

increases linearly with the increase of FeSO4 concentration

until it reaches 0.6 wt.%, and the corrosion current density
also increases linearly. It was a great agreement with the

polishing results, where MRR of tungsten carbide-cobalt alloy

increases rapidly with increasing of FeSO4 until it reaches a

peak value at 0.6 wt.%. At this stage, the increasing $OH im-

proves the MRR. When the concentration of FeSO4 increases

from 0.6 wt.% to 1.0 wt.%, the corrosion current density only

increases from158 mA to 168 mA. Itmeans that excess $OHdoes

not increase the corrosion rate anymore. However, the MRR

showed a decreasing trend when the concentration of FeSO4

exceeds 0.6 wt.% during the polishing experiment.

https://doi.org/10.1016/j.jmrt.2023.07.112
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Fig. 6 e (a) Potentiodynamic polarization curves of tungsten carbide-cobalt alloy measured at different concentrations of

Fenton's reagent (b) The corrosion current density and the corrosion potential at different concentrations of Fenton's
reagent.
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The Nyquist curves of the tungsten carbide-cobalt alloy at

different FeSO4 concentrations were tested by Electro-

chemical Impedance Spectroscopy (EIS), and the results are

shown in Fig. 7(a). When only H2O2 is added to the solution,

the curve has only one capacitive resistance arc, and its cor-

responding equivalent circuit is shown in Fig. 7(b).

When different concentrations of FeSO4 are added to H2O2,

the number of time constants increases from one to two and

the curve has an inductive reactance arc in the low frequency

range and a capacitive arc in the high frequency range. The

corresponding equivalent circuit is shown in Fig. 7(c). The

time constants in the high frequency region are related to

electric double layer capacitance on the surface of tungsten

carbide-cobalt alloy. This capacitive arc mainly reflects the

charging and discharging process of the equivalent circuit,

which consists of a charge transfer resistor and an electric

double layer capacitor in parallel [37,38]. The inductive reac-

tance arc is mainly caused by the dissolution of the material

[39,40].

The overall fitting quality of equivalent circuit can be

evaluated by the chi-squared (c2) values, and the results is

10.509�10�5 for 0.1 wt.% H2O2, 9.877�10�5 for 0.1 wt.%

H2O2þ0.3 wt.% FeSO4, 9.078�10�5 for 0.1 wt.% H2O2þ0.6 wt.%

FeSO4, and 7.879�10�5 for 0.1 wt.% H2O2þ1.0 wt.% FeSO4,

respectively. The order of c2 is 10�5 which means in good

fitting quality. The values of the correspondingmeasurements
Table 4 e Icoor and Ecoor with different concentrations of
Fenton's reagent.

Solution Icoor
(mA/cm�2)

Ecoor vs. EAgCl
(V)

0.1 wt.% H2O2 45 �0.14

0.1 wt.% H2O2, 0.3 wt.% FeSO4 107 �0.34

0.1 wt.% H2O2, 0.6 wt.% FeSO4 158 �0.33

0.1 wt.% H2O2, 1.0 wt.% FeSO4 169 �0.31
in the equivalent circuit are shown in Table 5. In the equiva-

lent circuit, the Rsol represents the solution resistance. As the

electrolyte in the solution is increased, the Rsol decreases with

the increase of FeSO4. The Rct represents the charge transfer

resistance. The CPE represents the capacitance associated

with the bilayer. As we can see with the addition of FeSO4, the

CPE-Y0 increases form rapidly from 376 to 1121 mS$sn$cm�2,

this results show that the reaction layer on the top surface of

tungsten carbide-cobalt alloy changes from dense to loose,

and corrosion is promoted by Fenton's reagent with the in-

crease of FeSO4 [41,42]. Meanwhile, the value of CPE-n deviates

further from 1, which indicates that the surface becomes

rougher caused by corrosion [43]. The Rs-f represents the

resistance caused by $OH. The L represents the inductance

due to the adsorption and desorption processes of $OH.

The polarization resistance Rp had been applied to evaluate

the corrosion resistance properties of the material. The

Faraday resistance of this electrode system was calculated

when the frequency was 0, thus the Rp of the solution system

containing H2O2 only was just Rct. The Rp of the solution sys-

tem containing Fenton's reagent was calculated as [40].

Rp ¼ RctRs�f

RctþRs�f
(4)

As shown in Table 6, with the increase of FeSO4, the po-

larization resistance Rp decreases from 258 U$cm�2 to

44 U$cm�2. After the FeSO4 concentration reaches 0.6 wt.%,

the Rp basically stops decreasing. It indicated that the corro-

sion difficulty does not decrease any further with the increase

of the FeSO4 concentration. What's more, the MRR also rea-

ches themaximumvalue at 0.1wt.%H2O2with 0.6wt.% FeSO4.

4.3. X-ray photoelectron spectroscopy experiment

To check the Fenton's reaction products with tungsten

carbide-cobalt alloy, the samples were soaked in different

polishing slurry for 30 min. The surface composition was
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Fig. 7 e (a) Nyquist diagram obtained from EIS of different Fenton's reagents (b) The equivalent circuit derived from the EIS

results (c) The equivalent circuit derived from the EIS results.
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analyzed by X-ray Photoelectron Spectroscopy (XPS), and the

W, O and Co spectra are shown in Fig. 8.

As shown in Fig. 8(a), the deconvolution of the W(4f)

spectra reveals three peaks [44]: the Red dashed line is related

to WC with the binding energy of 31.8 eV, as well as the green

dashed line is related to WO2 with the binding energy of

32.2 eV, and the blue dashed line is related to WO3 with the

binding energy of 35.5 eV.

Compared to the original STP slurry, the spectra area of

WO3 (blue dashed line) soaked in C-STP slurry was signifi-

cantly larger, which indicated that the strong oxidation re-

action leads to a large amount of WC transforming into WO3.

The samples soaked in STP slurry only have a small amount

of WO2 and WO3 on the surface, which may be caused by

slight oxidation of WC that occurred with oxygen in slurry or

air.

As shown in Fig. 8(b), the deconvolution of O(1s) spectra

reveals two peaks [45]: the cyan dashed line is related to OH�

with the binding energy of 532.7 eV, and the magenta dashed

line is related to tungsten oxide with the binding energy of

530.8 eV. The magenta area of C-STP slurry was larger than

that of STP slurry, which indicated the production of WO3.
As shown in Fig. 8(c), the deconvolution of the Co(2p)

spectra revealed two peaks: the dark yellow dashed line is

related to Co with the binding energy of 782 eV, and the navy

blue dashed line is related to Co2þ with the binding energy of

787 eV [44]. The samples soaked in C-STP slurry only existed

one characteristic spectrum, which is directive to Co(OH)2.

Therefore, it is certain that the strong oxidation of $OH

completely transforms Co to Co(OH) 2.

Based on the analysis of the XPS spectra, it can be inferred

that the WC and Co were oxidized by $OH, through the

chemical reactions [46,47]:

WCþ $OH/WO3 þCO2 [ þH2O (5)

Coþ $OH/CoðOHÞ2 þH2O (6)

4.4. Energy Dispersive Spectroscopy (EDS)

The samples of tungsten carbide-cobalt alloy were polished

with the original STP slurry (without Fenton's reagent) and C-

STP slurry with Fenton's reagent (0.1 wt.% H2O2 and 0.6 wt.%

FeSO4), and the concentrations of elements were investigated
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Table 5 e The EIS of tungsten carbide-cobalt alloy at different Fenton's reagents and the proposed equivalent circuit.

Solution Rsol

(U$cm�2)
Rct

(U$cm�2)
CPE-Y0

(mS$sn$cm�2)
CPE-n Rs-f

(U$cm�2)
L

(H$cm�2)

0.1 wt.% H2O2 365 258 376 0.93 / /

0.1 wt.% H2O2, 0.3 wt.% FeSO4 236 242 1121 0.86 133 247

0.1 wt.% H2O2, 0.6 wt.% FeSO4 191 74 1483 0.87 114 129

0.1 wt.% H2O2, 1.0 wt.% FeSO4 177 82 1751 0.85 100 54

Table 6 e The Rp of different concentrations of solution.

Solution Rp

(U$cm�2)

0.1 wt.% H2O2 258

0.1 wt.% H2O2, 0.3 wt.% FeSO4 85

0.1 wt.% H2O2, 0.6 wt.% FeSO4 45

0.1 wt.% H2O2, 1.0 wt.% FeSO4 44
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by the Energy Dispersive Spectroscopy (EDS) after polishing,

the elemental composition obtained by semi-quantitative

analysis of the energy spectra are shown in Table 7. The

contents of four elements W, C, Co and O in the tungsten

carbide-cobalt alloy after polishing with original STP slurry

were 82.16 wt.%, 8.4 wt.%, 8.17 wt.% and 1.22 wt.%, and the

contents of W, C, Co and O polishing with C-STP slurry are

89.69 wt.%, 8.58 wt.%, 0.00 wt.%, 1.73 wt.%. There is a small

increase of element O, which indicates that Fenton's reagent

has enough oxidizing ability and the oxides are formed on the

surface. It should be especially noted that the Co element

disappears completely after polishing with C-STP slurry.

The distribution of elements on the surface of tungsten

carbide-cobalt alloy after STP process is shown in Fig. 9(a), W

(green) and C (blue) are concentrated on the large grains, and

Co (rose red) is concentrated in the spaces between the grains.

The distribution of elements on the surface of tungsten

carbide-cobalt alloy after C-STP process is shown in Fig. 9(b),

only W and C are concentrated in the large grains. The Co is

randomly distribution on the grains, especially if there is no

Co distribution between the grains which is completely

different from STP process.
Fig. 8 e XPS spectra of tungsten carbide-cobalt alloy after soaki

spectra (c) XPS Co(2p) spectra.
Combined with the EDS surface scan results, as shown the

SEMmicroscopic topography in Fig. 9(c), the tungsten carbide-

cobalt alloy polishing with STP slurry consists of WC grains

and Co, and the interstices of WC are filled with Co. As shown

the SEMmicroscopic topography in Fig. 9(d), the filler between

WC grains after polishing with C-STP slurry obviously dis-

appeared, and lots of small pits were produced which means

the strong oxidation of Fenton's reagent corrodes Co and

completely removes it.

4.5. Material removal mechanism of tungsten carbide-
cobalt alloy

Combining the results of EDS and XPS analysis, the material

removal mechanism of tungsten carbide-cobalt alloy with

Fenton's C-STP slurry is shown in Fig. 10. In the first stage, the

Co element on the surface of tungsten carbide-cobalt alloy is

firstly oxidized to Co(OH)2 by the strong oxidation of $OH,

because it has a lower reaction potential than WC. Subse-

quently, some part of WC gets oxidized to WO3. Additionally,

the reaction layer produced on the top surface is loose, which

means easier to been removed than the tungsten carbide-

cobalt alloy. In the second stage, the shear thickening effect

forms a cluster of particles containing abrasive particles, and

the Co(OH)2 on the surface layer of tungsten carbide-cobalt

alloy gets rapidly removed. In the third stage, the Co

element which is used as the binding phase in tungsten

carbide-cobalt alloy material gets removed. There are no

connections between hard phaseWC, so theWC grains and its

loose oxides are relatively easy to be removed by the abrasive

particles. Finally, the fresh surface is exposed again, which

can accelerate the oxidation reaction, both the chemical and
ng in different slurry (a) XPS W(4f) spectra (b) XPS O(1S)
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Table 7 e The composite of carbide cemented after
polished by different slurry.

Element W
(wt.%)

C
(wt.%)

Co
(wt.%)

O
(wt.%)

STP slurry 82.16 8.44 8.17 1.22

C-STP slurry with Fenton's
reagent

89.69 8.58 0.00 1.73

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 5 : 6 8 6 5e6 8 7 96874
mechanical action synergies improve the polishing efficiency

of tungsten carbide-cobalt alloy.

4.6. Polishing experiments with optimal parameters

The relationship between surface roughness and polishing

duration for the tungsten carbide-cobalt alloy samples pol-

ished by C-STP slurry was benchmarked against traditional

STP which is shown in Fig. 11. The ratio H2O2 and FeSO4
Fig. 9 e Elements distribution of tungsten carbide-cobalt alloy a

(b) Polishing by C-STP slurry. And surface topography of tungst

Polishing by STP slurry (d) Polishing by the C-STP slurry.
corresponding to the highest MRR were selected for C-STP

process (0.1 wt.% H2O2 with 0.6 wt.% FeSO4, 0.25 wt.% H2O2

with 0.5 wt.% FeSO4 or 0.5 wt.% H2O2 with 0.3 wt.% FeSO4). It

was found that Fenton's reagent could effectively reduce

surface roughness and three different ratio combinations of

Fenton's reagent tested during this work showed negligible

influence on the decreasing trend of surface roughness.

Therefore, the surface topography of the typical two sets

of experiments (original STP slurry and C-STP slurry with

0.1 wt.% H2O2, 0.6 wt.% FeSO4) at different times are shown

in Fig. 12. Initially, several scratches were seen on the sur-

face of tungsten carbide-cobalt alloy as shown in Fig. 12(a)

and (f). As shown in Fig. 12(c), the STP process sample still

showed many scratches, and the surface roughness (Sa) was

about 35 nm after polishing for 6 min. As shown in Fig. 12(h),

C-STP process samples showed only fewer deep pits

remaining, and the surface roughness dropped to about

14 nm after 6 min polishing. At the end, the surface
fter polishing by different slurry (a) Polishing by STP slurry

en carbide-cobalt alloy after polishing by different slurry (c)
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Fig. 10 e Material removal mechanism of tungsten carbide-cobalt alloy by C-STP with Fenton's reagent.
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roughness of both tungsten carbide-cobalt alloy samples

maintained around 8.5 nm which was shown in Fig. 12(e)

and (j). From the final comparison of samples before and

after polishing shown in Fig. 11, it can be seen that a mirror

finish tungsten carbide-cobalt alloy can be obtained with

the C-STP process.

4.7. Application

As mentioned in the introduction, cemented carbide is the

main materials of cutting tools and the polishing of surface
Fig. 11 e The relationship between surface roughness and time

slurry.
and cutting-edge can improve tool service performance.

However, the micro-drill with complex cutting-edge shape is

difficult to polish, and the processing efficiency is also very

low. The polishing of the micro drill is a problem in the

industry.

The micro-drills (Shenzhen Jinzhou Precision Technology

Co., China) made of tungsten carbide-cobalt alloy (YG-6) were

selected to verify the potential application of C-STP with

Fenton's reagent. Fig. 13 (a) illustrates the shape structure of a

micro-drill point after grinding, with a diameter of 0.4 mm,

which clearly displays numerous defects on the cutting-edge.
of tungsten carbide-cobalt alloy processed by different
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Fig. 12 e Typical surface topography of tungsten carbide-cobalt alloy at different times polishing with different slurry (a)e(e)

Polished by STP slurry at different times (f)e(j) Polished by C-STP slurry at different times.
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Fig. 13 e Comparison of cutting-edge polishing of micro-drill with different slurry (a) Illustration of cutting-edge without

polishing, (b) Polishing by STP slurry, (c) Polishing by C-STP slurry.
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To solve this problem, the STP and C-STP methods were

employed to polish the micro-drill for 3 min. As shown in

Fig. 13 (b), where there are still some remaining chippings on

the cutting-edge and grinding marks on rake face after 3 min

of STP. The micro-drill after 3 min of C-STP (using Fenton's
reagent: 0.1 wt.% H2O2, 0.6 wt.% FeSO4) is shown in Fig. 13 (c),

where it is obvious that the cutting-edge is completely

smoothed and the grinding marks on the rake face have been

eliminated. The elimination of micro defects on cutting-edge

expect to improve machining process reliability, reduce wear

rates, and improve cutting performance [7,19]. This indicates

that Fenton's reagent can effectively improve the MRR of

tungsten carbide-cobalt alloy and provide a potential

manufacturing technology for the surface process of complex

tools.
5. Conclusion

In this paper, for application of complex-shaped tungsten

carbide-cobalt alloy components, a novel "chemistry

enhanced shear thickening polishing" (C-STP) process using
Fenton's reagent to obtain sub 10 nm finished polishing at a

rate twice that of the conventional STP was developed.

Experimental trials were made to study the influence of

different ratio of H2O2 and FeSO4 on the polishing perfor-

mance and to examine the mechanism of material removal

mechanism. Based on the afore-mentioned discussions,

following broad conclusions were drawn.

(1) For a given concentration of FeSO4, a threshold

magnitude of H2O2 exists which yields the maximum

material removal rate (MRR). In case of tungsten car-

bide, the newly developed C-STP process resulted in a

peak MRR of about 868 nm/min when using 0.1 wt.%

H2O2 with 0.6 wt.% FeSO4, 0.25 wt.% H2O2 with 0.5 wt.%

FeSO4, and 0.5 wt.% H2O2 with 0.3 wt.% FeSO4. The

improvement in the MRR using C-STP process was

twice that of the traditional STP process suggesting

that the presence of Fenton's reagent greatly improves

the polishing efficiency. While C-STP process

improved the MRR, its influence on surface roughness

was found insignificant. Almost all trials resulted in

sub 10 nm roughness.
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(2) The electrochemical tests, EDS, XPS results of the pol-

ished samples revealed that the $OH generated by

Fenton's reagent can have a strong oxidizing effect,

which can effectively reduce the corrosion resistance of

cemented carbide. The binding phase, Co gets easily

oxidized and removed in a large amount compared to

the WC matrix. As the Co gets removed at an acceler-

ated rate during C-STP, it gets easier to remove the

resulting oxides at an improved material removal rate

during the proposed C-STP process.

(3) The proposed C-STP process helped reduced the surface

roughness on cemented carbide from an initial value of

Sa 120 ± 10 nm to 8.4 ± 0.5 nm in less than 9 min. This

improvement became possible only due to the presence

of Fenton's reagent which results in enhancing the

shear thickening effect during the polishing process.

Besides, it provides an emergent surface process tech-

nique for micro-drill with complex shapes, which

eliminates the burrs on cutting-edge within 3 min.
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