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Abstract i

Abstract

Nanostructured WC-Co Powders and Bulks via
Integrated Mechanical/Thermal Activation and

Liquid Phase Sintering

Choongkwon Park
Dept. of Material Science & Engineering
The Graduate School

Seoul National University

WC—-Co composites have been widely used as a cutting tools, saw
blade, dies and valves in industrial fields where high hardness, toughness and
wear resistant properties are required. Due to the strategic importance of the
resources for WC—Co composites, substantial research efforts have been
directed towards the synthesis of WC nanopowder and nanostructured WC—Co
composites in order to enhance further their mechanical properties and lifetimes.
Nonetheless, the specification of mass production type of WC—Co composites
is now limited to the average particle size of > 200 nm. In this thesis, we suggest
a scalable production pathway for an extremely fine WC nanopowder (10.54
nm) and a genuine nanostructured WC—Co composites (20~30 nm).

First, we systematically studied the mechanism for the reactions and

growth of reactants during carbothermal reduction with the experimental and
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theoretical approaches. The results reveal that the finer the intermediates is, the
faster the reactions, the lower the reaction temperature becomes. All the
processes during carbothermal reduction are governed by the diffusion of
constituent elements. Based on these findings, we successfully synthesized an
extremely fine WC nanopowder with an average size of 10.54 nm with a
standard deviation of 2.1 nm.

Second, we investigated the mechanism for the grain growth
inhibition during liquid phase sintering, and suggest the possibilities for the
production of nanostructured WC—Co composites with an average grain size of
30 nm. By the addition of VC, an extremely unstable nanostructure of WC—Co
is found to have a significantly high thermal stability and an unusual
microstructure. The nanostructure with carbide size less than 30 nm was
retained for a long time (1h) up to 1300 °C. The growth of WC in the system is
limited by two-dimensional nucleation of WC on (V,W)C layer and consequent
diffusion of W through the layer. The high thermodynamic stability of the
nanostructure assures the realizable possibility of the mass production of a

genuine nanostructured WC—Co composites.

Keywords : Nanostructure, WC-VC-Co, grain growth inhibition, twinning in

nanostructure, HRTEM

Student Number : 2010-24047
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Synthesis of WC Nanopowder
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|. Introduction

1.1. Synthesis of WC nanopowder

Nanostructured WC—Co materials have long been the main subject of
interests and focus of research programs around the world in common with
other structural material and functional material fields [1]. Extremely fine
microstructures with nanoscale grain size have the potential to dramatically
improve both their hardness and toughness simultaneously. When the size of
dispersoids reach to a critical size range (5-30 nm), a significant improvement
in both hardness and toughness is anticipated from the theory of dispersion
strengthening. The improvements and nanostructures are particularly beneficial
for not only the lifetime and robustness of WC—Co tools [1] but also the micro-
drills for printed circuit boards manufacture [2]. This industrial significance
drives the intensive research activities towards the production of genuine
nanostructured WC—Co (<100 nm).

In order to realize the production of the nanostructured WC—Co
composites, the effective production of WC nanopowder has a first importance.
Many powder production technologies ranged from conventional solid state
synthesis to more radical techniques such as high energy ball milling [3-8],
integrated mechanical and thermal activation (IMTA) [9-11], spray conversion
[12-19], chemical vapor phase reaction [20-28] and microwave synthesis [29]
have been introduced, which are summarized in Table 1. Although many of
these techniques were employed, the mass production of WC nanopowders with
an extremely fine grain size of less than 100 nm is still difficult as listed in Table
1 )

- =T H

i
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1. A mechanical milling techniques such as high energy ball milling is most
effective for the reduction of grain size, but these processes cannot be applied
for the mass production because these processes suffer from the drawbacks of
long processing times, contamination and high energy expenditures[3-8].
Although except for mechanical milling, the other techniques listed in Table 1
are feasible for the mass production, the grain growth is inevitable during
production processes because they involve a heat treatment at high temperature
for a long time. Therefore, understanding the underlying mechanisms of the
reactions and growth during powder production process is instructive for a
better control over grain growth and successive production of nanopowder with

an extremely fine grain size.



Table 1. The summarization of WC nanopowder processing techniques.

13

Process condition

Powder Grain size Mass
production ) Method » ) Pros Cons production  Reference
process Raw materials condition Equipment (nm) feasibility
Planetary/attrition Long
Mechanical ball Micron-sized  Top >100 h /high energy 10-20 Effective size  processing Not [3-8]
milling WC powder down dual-drive reduction time/contamin  favorable
planetary mill ation
WO3 L
' Top Planetary ball Effective size Not
Mechanochemica gé?h'te’ M3 Gown 250 pm=S0h oy 4-20 reduction a favorable [30]
| synthesls T 250 rpm-450  Planetary ball Effective si Not
. op rpm anetary bal ective size 0
W, graphite down Ks mill 5 reduction B favorable [31]
600 rpm-12 L
IMTA WOs, Top h 10002 -lanetary ball 30100  Erfectivesize o oot Possible [9, 10]
graphite, Co down h mill/furnace reduction
Aqueous solution Long
Spray conversion | Soluble Bottom forr_natlon/sprfay 2050 Effectl_ve size processing Possible [12-19]
process precursor up drying/carburizati reduction time
on
WCIo/WFe/W g'd?i':y/goo ]
Chemical vapor | (COJo, H2(Q), ~ Bottom 40 4400z cvis Reactor 40-1000  control for - Possible [20-28]

phase reaction

CHa4(g)/CsHs/  up
CaH2

size, reaction
rate
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1.2. Purpose of the work

In this part, we developed the methodology for the synthesis of an
extremely fine WC nanopowder using IMTA method with an in-depth study for
the underlying mechanisms of the formation of WC during carbothermal
reduction.

IMTA method was employed in this work because it is not only feasible
for the mass production of nanocrystalline WC powders, but also typical that
raw materials experience the various reductions and grain growth during
process. The focus is on the reactions and growth during heating stage of
carbothermal reduction process. Although synthesis of WC nanopowder have
been intensively studied during past several decades, the successive mass
production of an extremely fine WC nanopowder (<50 nm) is still not realized,
which might be due to the lack of the understanding for the underlying
mechanism of the reactions and growth during process. The present work
investigated the formation mechanism of WC during carbothermal reduction of
WO;3—C powder mixture and suggests the grain growth controlled production

method of WC nanopowder with an extremely fine grains size of <20 nm.
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I1. Experimental procedure

2.1. Materials and methods

Tungsten trioxide powder (particle size: <20 um; purity: 99%; Sigma-
Aldrich, St. Louis, MO, USA) and graphite powder (particle size: 1.65 um;
purity: 99%, Seung-Lim Carbon Metal, Ansan, Korea) were milled via a high-
energy ball mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany). In the
milling process, WC—Co coated stainless steel jars and WC—Co balls with a
diameter of 5 mm were used to minimize contamination. The ball-to-powder
weight ratio (BPR) was 40:1. The carbothermal reduction was performed in a
graphite vacuum furnace in vacuum (107 torr). Three kinds of heating rates of
5, 10 and 20 K min' were chosen and the heating was conducted in the
temperature range of 923-1473 K. In order to characterize the variation of the
phase constitutions with temperature during carbothermal reduction, the
heating was stopped immediately when it reached to a specific temperature.
The furnace cooling rate was higher than 100 K/min in the initial stage of

cooling and it decreased slowly.
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2.2. Characterization

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out usinga  TGA/DSCC at a heating rate of
10 K min"! under a steady Ar flow of 200 ml. Samples were heated in the
TGA/DSC to a target temperature of 1673 K, and then cooled down to room
temperature under Ar flow.

X-ray diffraction (XRD) was performed on a D8-Advance X-ray
diffractometer (Bruker, Billerica, MA, USA) with monochromatized Cu—Ka
radiation source (A=1.54056 A) and using the Bragg-Brentano (©/20) geometry.
All samples were scanned in the range 20-120 with a 0.02° step size and 10°/min
scan speed.

The microstructure of the samples was characterized by field emission
scanning electron microscopy (FESEM; MERLIN Compact, ZEISS,

Oberkochen, Germany) and transmission electron microscopy (TEM; F20 FEI
Tecnai, FEI, Hillsboro, OR, USA) operated at 200 KV. The carbide sizes

of the samples were measured by line intercept methods using FESEM images.
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I1l. Result and discussion

3.1. Reactions of WO3—C mixture during carbothermal
reduction

The formation mechanism of WC nanopowder from WO;-C powder

mixture was investigated using TGA/DSC, XRD, thermodynamic calculation
and TEM analysis. Figure 1 shows TGA (black curve)/DSC (red curve)
measurement results for WO3;-C powder mixture. At a temperature range
between 923 and 1238 K, a strong mass reduction was observed according to
TGA (black curve), while no further mass losses were observed above 1190 K.
This mass loss at the temperature range is believed to be the reduction reactions

involving CO,/CO gas evolution.

100 923 K Exothermic

1238 K—

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 1. TGA/DSC curves for WO3-C mixture milled for 30 h. The black line
indicates the TGA curve and the red line shows DSC curve.
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According to DSC heat flow curve (red line), the sharp endothermic peak
at 1190 K with a broad shoulder between 923 and 1175 K was detected,
indicating that the reactions with a relatively small mass loss occurs gradually
between 923 and 1175 K and fast reactions with a large mass loss occurs
between 1175 and 1238 K. In addition, a broad endothermic peak without any
mass loss between 1263 and 1400 K was observed, which is believed to be the
carburization reactions by carbon.

In order to investigate the reactions associated with the features in the
TGA/DSC curves, XRD measurement for the powder samples prepared by
heating to specific temperatures at a heating rate of 10 K/min and subsequent
cooling to room temperature were performed. The XRD patterns of the powder
samples from the temperatures of 923, 1023, 1103, 1153 and 1373 K, which are
before and after each reaction step, are shown in Figure 2. According to the
resulting XRD patterns in Figure 2, the reduction and carburization of WO3—C

mixture followed the sequential route of

WO3—=WO,29—=>WO,—W—W,C—WC, which is similar to previous work[32].

As-milled powder contained WO, and WO- phases, indicating that the raw
WO; was partially reduced by mechanical activation and temperature rise

during high energy ball milling.

The reaction step of WO,9— WO, occurs very slowly from 673 K to 923

K and the phases present in the samples at 923 K are still WO29 and WO, as
shown in Figure 2. In the sample from 1023 K, only WO, phase was detected,

indicating that WO, phase was completely reduced to WO, between 923 and
1 O 1)
F 'H."i ey | I
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1023 K. These results reveal that the major reaction of WO,9—WO, occurs

between 923 and 1023 K. The reactions of WO,—»W—W,C were rapidly
proceeded and all phases were carburized to W,C up to 1153 K, which
corresponds to the strong mass loss on TGA curve, i.e. the sharp endothermic
peak on DSC curve. Whereas, the reaction step of W>C—WC occurs relative
slowly and finished at 1373 K. Therefore, the broad endothermic peak on DSC

curve between 1263 and 1400 K corresponds to the carburization of W,C to

WC, in which no remarkable mass losses were detected.

vWO29 = WO2 ¢ W &4 W2C 4 WC
4 10 K/min

A

1373 K

A 1153 K

Intensity (a.u.)

v Y923 K

————— e
20 25 30 35 40 45 50 55 60
0 26 (°)

Figure 2. XRD patterns of WO3—C mixture at different temperatures during
carbothermal reduction.
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In order to investigate the tendency of the reactions during carbothermal
reduction, the change of Gibbs free energy with temperature, AGr, for possible
reactions during the carbothermal reduction process were estimated, which
determines the direction of the chemical reactions. The possible reactions can

be expressed as follows;

C+CO; (gas) = 2CO (gas) (1)
W03 + 0.05C = WOy, + 0.05C0, (445 2)
WOy + 0.45C = WO, + 0.45C0; (gas) 3)
WO, +2C = W +2C0qs 4)
WO, +2.5C = 0.5W,C + 2C0(y45) (5)
WO, +3C = WC+ 2C0(ys) (6)
W+C=WwcC (7)
W +0.5C = W,C ®)
0.5W,C + 0.5C = WC Q)

The reaction according to Eq. (1) has a negative Gibbs free energy below
978 K, indicating that CO, and CO gas are stable below and above the
temperature, respectively. Therefore, it is considered that below 978 K, the
reactions involve CO; gas as a byproduct, while the reactions involve CO gas
above 978 K.

The variation of AGr for the above reactions are presented in Figure 3.
The reactions according to Eq. (2) and (3), which occurs during high energy

ball milling, have a negative AGr value above 392 K (pink line in Figure 3a)
- e .

-'-\."i _.:.._ 1!, . ..:
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and 777 K (blue line in Figure 3a), respectively. The result demonstrates that
the reactions could occur during high energy ball milling because the severe
fiction during milling is known to increase the temperature inside milling
vessels up to 773 K. The reactions for Eq. (3) proceeded during early stage of
the carbothermal reduction process up to 1023 K according to XRD results in

Figure 1.

50 S 5 R AR
(4) ] —(T)W+C=WC ]
i @ TI7TK en° 1023k i ( ) ——(8) W+0.5C=0.5W2C |
[ il ®) ——(9) 0.5W2C+0.5C=WC 1

0 =i ”*\ 171°

@)
[ 392k 921K

989K

n
3
——

| ——()WO0:+005C = W02 + 0.05C02
|- ——(3)WO02s +0.45C = WOz + 0.45C0:2
I —— ) w02+ 2C =W +2C0

I ——(5) W02 + 25C = 0 5WsC +2C0
(6)WO2 + 3C = WG + 2C0
A A R
600 800

G (KJ-mol™)

-
Qo
o

=
T(K) T(K)
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Figure 3. The variation of Gibbs free energy with temperature for the reactions
during carbothermal reduction process of WO3—C mixture.

The reactions according to Egs. (4), (5) and (6) have negative Gibbs free
energies above 921 K, 989 K and 1023 K, respectively (see the black, red and
green lines in Figure 3a). The AGr values for Egs. (4)-(6) have a much more
negative than that for Eq. (3), which seem to enable the fast reaction between
1023 and 1153 K as shown in XRD patterns of Figure 2. In addition, the AGr
value for Eq. (6) is always more negative than those for Eq. (4) and (5),
indicating that the reaction according to Eq. (6) is thermodynamically most

probable. However, the actual reactions passed through the less probable path



22

of WO,—»W—-W,C—WC as shown in Figure 2. According the results of

thermodynamic calculation in Figure 3, the reaction for Eq. (4) can occur from
1023 K based on the results of thermodynamic calculation, but the reaction was
already finished at 1023 K as shown in Figure 2. Kim et al.[32] reported
previously that the reduction of carburization temperature and time might be
due to the generation of many defects inside crystal structure of reactants.

For the carburization step of W into WC, the reactions according to Egs.
(7)-(9) have always a negative Gibbs free energy from room temperature to

1400 K as shown in Figure 3b. According to the variation of AGr values in

Figure 3b, the direct carburization of W—WC by carbon is most probable

because the reaction for Eq. (7) has the lowest Gibbs free energy values at the

temperature range concerned. However, the XRD results showed that the

carburization of W followed the less probable route of W—W,C—WC as

presented in Figure 2. These results imply that the reactions seem to be limited
by the diffusion of certain elements.

In order to investigate whether the diffusion-controlled reactions or not,
the phase evolution of WO3—C mixture with temperature was characterized at
various heating rates. XRD patterns of WO3;—C mixtures heated at two
representative heating rates are shown in Figure 4. Comparing Figure 4 with
Figure 2, each reaction step was delayed with increasing or decreasing the
heating rate. The XRD patterns for the samples heated at a heating rate of 20

K/min are displayed in Figure 4a. WO,.0 and WO- phases were detected at 1023
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K, indicating that the reduction of WO29—WO, was not completed at the
temperature. At 1153 K, the reaction of WO,—W was still in progress and the

reaction of W>,C—WC was not completed at 1373 K. The delay of the reactions

could be resulted from the lack of time for the reactions due to fast heating rate.
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Figure 4. XRD patterns of WO3;—C mixture with temperature and heating rate.
(a) 20 K/min, (b) 5 K/min.



24

At a heating rate of 5 K/min, each reaction step was also delayed even
though the time for reactions would be enough due to slow heating rate. Small
amounts of residual WOy, W and W,C were detected at 1023, 1153 and 1373
K, respectively, indicating that the reactions were not completed.

One observation to note regarding the phase evolution during
carbothermal reduction is the sharpness of XRD peaks of the intermediates. The
peaks of W from 1153 K in Figure 4a, which is marked by a transparent red
box, are more sharp than those from 1023 K in Figure 1, revealing that W
particles grew because XRD peak broadness is related to the crystallite size.
This implies that the growth of W particles is more dominant than the
carburization reaction of W in the temperature range when heating rate is 20
K/min. The peaks of WO, from 1023 K in Figure 4b (transparent red box) are
also more sharp than those of WO, from 1023 K in Figure 1. In this case, it is
because WO, particles grow by a long dwell time in the temperature range due
to slow heating rate, while there is no considerable reaction. These results
reveal that the reason for the delay of the reactions is the growth of
intermediates. The phase evolutions of WO3—C mixture with temperature and

heating rate during carbothermal reduction are summarized in Table 3.



Table 2. The phase constitutions and their XRD peak sharpness of WOs;—C mixture with temperature and heating rate.

25

Temperature 5 °C./rn-in 10 0C:/m-in 20 °C/mifl
X) Constituents D;?;?Znt Sh::parlfess Constituents D(I))rtrll;?;mt Shi:palfess Constituents D;?;?:nt Shfri)arll{ess
923 WO,, WO, WO, Medium WO,,, WO, WO, , Medium - - -
1023 WO0,,, WO, wo, Sharp wo, wo, Medium WO0,,, WO, wo, medium
1103 - - - WO, W w Medium - - -
1153 W,C, W W,C Broad W,C, WC W,C Broad W0, W % Sharp
1373 Ww,C, WC WwC Medium WwC WwC Broad Ww,C, WC WwC Medium
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Figure 5 shows FESEM micrographs and grain size distributions of as-
milled WO3-C mixture, the sample heated to 1373 K at a heating rate of 10
K/min and the sample heated to 1473 K at a heating rate of 20 K/min. WO3
grains in as-milled WO;-C mixture were surrounded by carbon (the light grey
particles in BSE-SEM image in Figure 5a). The as-milled powder has a very
narrow grain size distribution and a small average grain size of 8.31 nm as
shown in Figure 5d. Figure 5b shows FESEM image of the sample heated to
1373 K at a heating rate of 10 K/min. A comparison of Figure 5a and Figure 5b
reveals that the morphology of WC powder heated at a rate of 10 K/min closely
resembles that of the as-milled WO;-C mixture. The WC sample also has a
narrow grain size distribution and small average grain size of 19.61 nm (Figure
5d). These results imply that WO; particles converted into WC without a
notable shape change and growth during carbothermal reduction.

However, the sample heated to 1473 K at a rate of 20 K/min was partially
sintered as shown in Figure 5S¢ and has a broad grain size distribution and large
average size of 47.30 nm (Figure 5d). Abnormally large grains (AG) were often
observed as marked by arrows in Figure 5d, which are very detrimental for the
sintering of nanostructured WC-Co bulk (ref to Section 2.3.2). The sample
heated at a rate of 5 K/min has a similar morphology to the sample in Figure
Sc. These results imply that the morphology and size of the product powder
after carbothermal reduction are determined by the characteristics of initial

WOs-C mixture and the conditions of carbothermal reduction process.
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Figure 5. (a-c) FESEM micrographs of as-milled WO;-C mixture (a), the
sample heated to 1373 K at 10 K/min (b) and the sample heated to 1473 K at
20 K/min (c). (d) The measured grain size distributions for the samples.
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The microstructural evolution of the samples heated to 1273 K for 10
and 60 min were characterized using TEM analysis. The resulting HRTEM
images are displayed in Figure 6. The sample heated to 1273 K for 10 min
contains WC and W,C particles as shown in Figure 6a. Most of WC particles
are small in size, while W,C particles are large in size. These results imply that
the smaller the size of particles, the faster the reactions. Figure 6b shows the
core/shell structure of particle from the sample heated to 1273 K for 30 min. It

was identified that the core and shell correspond to W>C and WC, respectively.

The result reveals that the reaction of W>,C—WZC is proceeded by forming of

WC shell and growing of WC shell inward the core of particle. It will be
controlled by the inward diffusion of carbon from the surface into the core of
W,C. Many papers[33-36] reported that the carburization of tungsten is

controlled by the diffusion of carbon into tungsten particles or wires.
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Unreacted W,C

v R

Figure 6. HR-TEM micrographs of WO;-C mixtures heated to 1273 K for two
different holding times. (a) for 10 min and (b) for 60 min.

Based on these results, it can be supposed that the reduction of WO3 is
controlled by outward diffusion of oxygen and the carburization of W is
controlled by inward diffusion of carbon. Considering the morphology of WO;-
C mixture, the reduction and carburization process of WOj3 is schematically

illustrated in Figure 7.
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Oxygen diffusion limited process Carbon diffusion limited process

/ Carbon Medium

Figure 7. Schematic illustration of the reduction and carburization of WO;
particles by carbon.
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The supposition is verified using the carburization step of W,C—WC as

a model system. The model assumes a steady-state diffusion process across a
growing shell of WC on spherical W»C particle as illustrated in Figure 8, which
is similar model as reported by Pirani and Sandor [37]. In this model, R is an
initial radius of W>C ball, which has been partially carburized into WC, and r
is a residual core of W>C. We assume that Cp is the carbon concentration at
the particle surface, and C, is the carbon concentration at the interface

between growing the WC shell and the residual core of W»C.

Figure 8. Schematic illustration of the spherical diffusion model in a steady-
state.

The mathematical expression of this model becomes

d(de>_0 10
drrdr_ (10)

The general solution of which is

dc A
r?—=-4->C(r)=—+B8B
dr r

where the constants A and B could be determined from the specific boundary
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conditions.
The flux of carbon through the WC shell, J(r), is expressed as;

dc

J(r) = _DE 11

Substituting the solution of Eq. (10) for Eq. (11), Eq. (11) becomes;

A
J(r)=D s
According to the model in Figure 8, the concentration at r = R is Cp
and the concentration at v = r is C,, which are unknown but are assumed to

remain constant throughout the carburization. Then, the total flux of carbon

through the WC shell can be reorganized as;

dc (Cr—C,)
2 _ _ 2~ _ T/
dnre](r) = —4nr Ddr 4mD (l_l)
R r
where D denotes the diffusion coefficient of carbon through WC shell.

Therefore, the rate of penetration of carbon is given by following relation;

(CR B Cr)
(r7)

where t is the time and C, is the amount of carbon required to convert unit

4mr?C ﬂ = 4D (12)
Odt

volume of W>C into WC, Cy = Cy¢ — Cyoc- The integral of the Eq. (12) is

written in the form
r 1 1 t
frz(———>dr=fl(dt
R R r 0
fr 2(1 1>d =Kt 13
r(gy)ar= (13)

(14)
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and substituting /R with x and integrating the right-hand side of Eq. (13),

Eq. (13) can be rewritten as;

R? r\2 r\3
Kt = <?) [1 -3 (E) +2 (E) ] (14)
where the cube of r/R is proportional to the weight fraction of residual W»C.

The reaction rate and the end of the reaction step of W.C—WC were

theoretically estimated using Eq. (14) as a function of time at two different
temperatures and for two different grain sizes of W>C. For a comparison of the
theoretical estimation and the experimental results, two temperatures of 1100
and 1200 °C, which are the temperatures for the completion of the reactions at
heating rates of 10 and 20 K/min, respectively, were chosen. For a diffusion-
controlled reaction, the completion of the reaction is determined by the largest
grain in powder materials. Two grain sizes of 20 nm and 180 nm were chosen
as the initial W>C grain sizes, which approximately equal to the sizes of the
largest grains at a heating rate of 10 and 20 K/min, respectively (ref. to Figure
5d). The reaction constant, K, in Eq. (14) was as a following relation, which

taken from McCarty’s work of the diffusion experiment using W powders[35].

29300
K =1.02x10"8exp (— T) m?/s

The estimated values for (r/R)3 using the conditions mentioned above

are presented in Figure 9. The time for (r/R)3 = 0 indicates the end of the

carburization reaction for W>,C—WC. For R =20 nm, the reaction of
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W>C—WC was completed within a very short moment of 0.2 min at 1100 °C

(blue curve in Figure 9), while for large initial size of R = 180 nm, the
reaction was much delayed as long as 16.4 min at the temperature (black curve
in Figure 9). When the reaction temperature increases to 1200 °C, the reaction
time decreased by one forth (4.8 min) for the large size of R = 180 nm (red
curve in Figure 9). These results are well consistent with the experimental
results presented in Figure 2, 4 and 5, revealing that the carbothermal reduction
reactions of WOs3-C mixture are indeed diffusion-controlled reaction. The
results reveal also that the time and temperature for the completion of the
diffusion-controlled reaction decrease substantially with decreasing the grain

size of reactant powder.
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Figure 9. The variation of (r/R)3 with time, temperature and the size of W>C
grain, R.
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3.2.  Grain growth of intermediates during carbothermal
reduction

According to Figure 4 and 5, the clue for the grain growth of reactant
and product powders during carbothermal reduction process was observed. In
order to investigate the grain growth behavior during carbothermal reduction,
the variation of WC grain size as a function of time was measured at two
different temperatures of 1100 and 1200 °C as shown in Figure 10. The average
grain sizes at 1200 °C (red circles) were always much larger than those at 1100
°C (black circles). The growth rate of WC grains at 1100 °C decreased early

with time compared with that at 1200 °C.

NV _a1100°C
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Figure 10. The variation of the average grain size of WC as a function of time
at 1100 and 1200 °C.
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The average grain sizes in Figure 10 are well fitted by the following

relation;
ag_ag:K.t (15)
7
. m 1100°C
—_ ® 1200°C K=3394.9 nm*/h
E 5L =
E s R*=0.9957
[=
- 4 B
X
o 3
IS
L L K=669.3 nm°/h
ns R’=0.9960
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S ———
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Figure 11. The variation in the cube of the average grain size of WC powder
with holding time (t) at 1100 and 1200 °C, respectively.

The fitting results are shown in Figure 11. The values of least square of
the linear regression (R?) between a; — a> and time () were 0.9960 and
0.9957 for the samples at 1100 and 1200 °C, respectively, revealing a good
linear relationship between a@; —a> and ¢. This means that the growth of WC
grains is proportional to ¢, In addition, the growth rate constant at 1200 °C
(3394.9 nm*/h) is much larger than that at 1100 °C (669.3 nm?/h), revealing that
the carbothermal reduction at high temperature is unfavorable for the synthesis

of nano powders.

The important clues revealing the grain growth aspects of WC were
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observed as shown in Figure 12. Figure 12 shows FESEM and TEM
micrographs for the WC powder sample heated to 1473 K at heating rates of 20
K/min. In Figure 12a, the WC particles were severely agglomerated and
partially sintered by forming the necks at the contact of grains. BF-TEM image
in Figure 12b shows the enclosed morphology revealing the neck formation at
the contact region of the grains mark by white dashed line. These results imply
that the grain growth during carbothermal reduction process occurs in a manner

similar to the shrinkage and growth during solid state sintering.
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Figure 12. FESEM (a) and TEM (b) micrographs for the WC powder sample
heated to 1473 K at a heating rate of 20 K/min.
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Based on the experimental observations above, the grain growth
behavior was theoretically modeled in order to investigate the influential factors
for the grain growth of powders. Figure 13 shows two particle model describing
the neck formation at the interface of two spherical grains suggested by Coble

et al.[38].

Figure 13. Two particle model for the formation of neck involving shrinkage
during carbothermal reduction reaction.

In the model, the radius of curvature (), area (A) and volume (V) of the

neck between the particles with same radius of a can be described as follows;

ad 16
[adys (16)
A i 17

~— 17)
v nx? - 2r B mxt 18
T2 T 4a (18)

where x is the radius of the neck. These equations are derived
considering the shrinkage which is taking account into closing the distance

between particles when the neck grows. Here, the driving force is the difference
] O -1]
A =—T1H
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at the pressure, solubility and vapor pressure coming from the difference at the
curvature radius of surfaces.

The paths for the material transfer in the system which can attribute to
the growth of neck are schematically illustrated in Figure 14[39]. In the figure,
the surface diffusion from the particle surface, the lattice diffusion from the
particle surface, the grain boundary diffusion from the grain boundary, the
lattice diffusion from grain boundary, the diffusion by evaporation and
condensation and viscos flow, which can contribute to the material transfer in
this system, are denoted by the diffusion coefficients of Ds, D;, Dy, D;, Dy

and viscos flow, respectively, along with their direction (see arrows).

Viscos flow

Figure 14. The schematic presentation of various diffusion paths contributed to
the growth of neck.

Total growth rate of neck is determined by the summation of the growth

rates of neck via six diffusion paths expressed as follows[39].
dat), Zu\dt);
l

It is reported that total growth rate of neck is governed by most dominant

diffusion mechanism under given conditions. [40] In our system, the growth of
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neck would be controlled by the surface diffusion from the particle surface to
the neck because the carbothermal reduction is carried out at much lower
temperatures than the melting temperature of the intermediates and the surface
area is very high due to the small grain size. Therefore, the surface diffusion for
the growth of neck is only considered hereinafter.

The surface diffusion from the particle surface to the surface of the neck

is form the work of G. C. Kuczynski et al.[41]

W v 19
75 = JAVn (19)
dV_27rx3dx_DSV " _Ds<y 1)2 25V
dt ~ a dt Rr'C 4Tm TR\ )4 A0 m
7156Ds85y Va3
= [ " . 20

where ] is the flux, t the time, 1}, the molar volume, D the surface
diffusivity, Vo the gradient of stress, R the gas constant, T the absolute
temperature, ¥ the surface energy and &, the thickness of surface diffusion
layer.

During carbothermal reduction, the grain growth occurs simultaneously
with the formation of neck. Thus, the grain growth was modeled considering
the neck formation as illustrated in Figure 15. For the sake of simplicity, the
material transfers at the interface of two grains was modeled and extended to a
multi-dimensional system. Assuming that two spherical grains with a different
radius have a neck at their interface, the surface diffusion and the diffusion
perpendicular to the grain boundary are possible paths for material transfers as

illustrated in Figure 15.
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Y

Figure 15. Schematic presentation of the grain growth during carbothermal
reduction through the diffusion of surface and the diffusion perpendicular to the
grain boundary.

In a real system, the boundaries at the interfaces of grains have a curved
shape depending on surrounding grains and their interfacial energy. Therefore,
the grains on either side of their interface undergo a different stress. If the atoms
belonging to the grains are in local equilibrium and the curvature radius is R,,
the difference in stressis Ao = 2y /R,,. Then, the volume change of grains with
time can be expressed as a same formula of Eq (19). In Eq. (19), A indicates
the total area of the grain boundary. In the powder materials, one grain has many
contacts with several other grains in powder agglomerates. Therefore, the total
area becomes a simple summation of the areas of each boundary as follows.

A:zAl

1
where A; is the grain boundary area of each grain.

When the grain growth occurs via the diffusion with the direction
perpendicular to the grain boundary, the area of each grain boundary can be

expressed as A; = mx;2. Then, total contact area of grain bounda;l*y can be
A =

- 21U &
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approximated as follows.
A =~ nrix? 21)
where n is the coordination number which describes the average number of
the contacts of the grains in powder agglomerates. Then, the increase rate of an
average grain size can be expressed as follows.

4282 Db Vi
Ta E_ﬁ( o) - nmwx?

where Dj is the diffusivity from grain boundary to the direction perpendicular
to the boundary and Vo the gradient of stress which is Vo = AP - 1/L. Here,
assuming that the stress is working through the grain boundary, L becomes
equal to the grain boundary thickness, &,,.

da _ Dy 2yVm _,
- Lmong 22
dt ~ 4a’RTR, 6, (22)

Because the curvature radius of grain boundary is simply proportional to the

average grain size, the above relation can be rewritten as follows.

da _ anDyyVp,

_ b7 =2
dt _ 2RTS,a (23)

where «a is the proportional constant. Substituting Eq. (20) for x in Eq. (23),

we can get the relation for the grain growth by the diffusion with the direction

perpendicular to the grain boundary as follows.
7

77 (D3 vV,
at5—63=9.6-a§-n§-<6—z> (YRT) (1)5)3 t3 (24)

According to Eq. (24), the average grain size is proportional to t%©. In addition,
the average grain size can increase with increase in the coordination number

(@ o n%47).
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When the grain growth occurs through the surface diffusion, the volume
change with time can also be represented by the Eq. (19). In this case, the area

of surface diffusion at each contact can be determined as follows.

X
A; = f 2mxdx
x=6

=nx? —n(x — 8;)? = 2nx8; — w62 ~ 2mxd (25)
where & is the thickness of surface diffusion layer. Then, total area of surface
diffusion becomes A = n2mxd, similar to the diffusion perpendicular to the
grain boundary.

The increase rate of an average grain size can then be expressed as:

da  nD;
dt  2a2RT

(Va)xosVy,

If the lengths affected by stress is about the thickness of boundary layer, &p,
the gradient of stress can be expressed as the same term in Eq. (22). Then, above

equation can be reorganized as:

da nDs6sVp, _( 2y ) _ D85y _ 26
dt  2RTa2 ~\RS,/ RTé,a3s (26)

where R is the average curvature radius which is replaced by @ because the
average curvature radius is the same with average grain size.

Similarly, substituting Eq. (19) for x in Eq. (26), we can get the relation

for the grain growth by surface diffusion as follows.

n)7 (M)B  ¢8 (27)

ag®> —az® =56 (E o

According to the equation, when the growth occurs via the surface diffusion,

the average grain size is proportional to t°32 and n%28,
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According to the experimental results in Figure 11, the average grain size
is approximately proportional to t%33, which is more closer to the relation of
Eq. (27) rather than that of Eq. (24). These results indicate that the growth of
WC grains during carbothermal reduction is mainly governed by the surface
diffusion. In this work, the surface area of WC nanopowder would be very high
due to the extremely small grain size as small as 10 nm. The growth rate is
proportional to the area of surface diffusion, which is not simply related to the
surface area of WC grains, but is depending on the area of the neck according
to Egs. (25) and (26). In addition, the close contact between grains is
detrimental for the synthesis of nanopowder because the diffusion area

increases with the coordination number, n.
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3.3. Synthesis of Nanopowders via grain growth
controlled method.

The results founded by the systematic experiments and theoretical
approaches above were applied for the synthesis of nanopowders. Figure 16
shows FESEM images for the several carbide and metal nanopowders
synthesized via the grain growth controlled method. Figure 16 a, b, ¢, d, e and
f show the WC, VC, TiC, (TiossWo.12)C, Co and Ni nanopowders, respectively,

which are about 10, 30, 50, 30, 20 and 20 nm in average grain size, respectively.

100 nm

Figure 16. FESEM images for the nanopowders synthesized via grain growth
controlled method. (a) WC (10 nm), (b) VC (30 nm), (c) TiC (50 nm), (d)
(Tio.ssWo.12)C (30 nm), (e) Co (20 nm), (f) Ni (20 nm).
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According to the results in Section 2.3.1, all the reactions were
completed during heating and the rate of the reactions was varied with heating
rate. Therefore, the heating stage should be controlled in order to synthesize
nanopowders. Based on experimental and theoretical analyses, the smaller the
grain size, the faster the reaction rate. According to Figure 2 in Section 3.1.1,
most of reactions was rapidly completed within a very short time once
temperature reaches at a certain point. However, when the heating rate changed,
the reactant grains grew during heating, which delays the carbothermal
reduction and causes further grain growth.

According to Figure 1 in Section 3.1.1, the reactions in the temperature
range from 400 to 1175 K occurs gradually, which is attributed to the slow
diffusion kinetics of oxygen inside WO, and WO, grains. If the WO,y and
WO, grains are stayed at high temperature or underwent too high temperature,
WO,9 and WO grains will grow fast before reacted because the enough time
for growth will be given, or the metastable intermediates become more unstable
at high temperature. Therefore, the carbothermal reduction at the temperature
range should be conducted by the gradual heating with an appropriate heating
rate. The sharp peak in Figure 1 is corresponded to the reaction according to
Egs. (4) and (8), which are very fast reactions at the temperature range of 1175-
1238 K. These fast reactions could be attributed to the small grain size of
remaining WO, grains and the fast diffusivity of carbon inside W grains.
Therefore, a fast heating rate would be better to be applied for the carbothermal
reduction in the temperature range. Above 1263 K, the gradual reaction with a
broad peak of DSC curve in Figure 1 is corresponding to the reaction of Eq. (9).
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The slow reaction is attributed to the slow diffusion of carbon through the WC

shell. Therefore, an appropriate time for carbon diffusion without growth

should be given by adjusting heating rate.
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Figure 17. FESEM, DF-TEM images and the grain size distribution of WC
nanopowder synthesized via the grain growth controlled method.

Figure 17 shows FESEM, DF-TEM micrographs and the grain size
distribution of WC nanopowder synthesized via the grain growth controlled
method. WC grains in the powder were well separated with each other, which
means less agglomeration, and homogeneous in size as shown in FESEM and
DF-TEM micrographs. The grain size distribution of WC nanopowder is
narrow with an average grain size of 10.5 nm and standard deviation (STDEV)
of 2.1 nm. Using this method developed in this study enables us to successively
produce various nanopowders such as carbides, carbonitrides, and some metal

powders.
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V. Conclusion

An experimental and theoretical analyses of the reactions and growth
during carbothermal reduction were systematically made in a WO3-C mixture
milled by high energy ball mill, and the new methodology for the fabrication of
various nanopowders was developed. The main results can be summarized as
follows:

1. The carbothermal reduction of WOs3-C mixture is controlled by the
outward diffusion reaction of oxygen and the inward diffusion reaction
of carbon in spherical reactant grains. A theoretical estimation for the
reactions during carbothermal reduction reveals that the smaller the
grain size is, the faster the reactions are.

2. The experimental results for the growth of WC grains is fitted by linear
regression between the cube of average grain size () and time (t).
A theoretical approach for the grain growth represents that the growth
of WC grains is mainly controlled by the surface diffusion, and the

t%32 which is well consistent

average grain size is proportional to ~
with the experimental results. The grain growth rate increases with the
coordination number, revealing that the loose packing of raw powder
mixture during carbothermal reduction is beneficial for the fabrication
of nanopowders.

3. WC nanopowder with an extremely small grain size of 10.5 nm was

successfully synthesized by the grain growth controlled method.
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Part II

Synthesis of Nano WC-Co Composites
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|. Introduction

1.1. Mechanism of grain growth inhibition of WC during
Liquid Phase Sintering

The addition of second elements has been used as an essential
technique to oppose the grain growth in the powder metallurgical process for
nanostructured materials design. Nanoscale carbide structure provides the
materials with interesting properties such as high strength and wear resistance,
but it is very difficult to obtain nanostructured materials due to a large driving
force for growth. In a liquid phase sintering (LPS), especially, the growth of
nano particles is more accelerated due to an enhanced material transfer through
liquid phase. WC—Co (cemented carbide) composite is one of the typical
examples with LPS.

Wang et al.[42] studied the carbide growth behavior of nano WC—Co
powder during early stage of sintering. They reported that after heating to 1400
°C without a hold, the carbides of 10 nm in size initially increased to about a
hundred times. Such an explosive growth of WC particles in Co phase could be
significantly retarded with the small additions of the second phases such as VC
and Cr3C; during all stages of sintering—heating, holding and cooling stages.
Wang et al. also reported that during heating, WC particles scarcely grew until
1300 °C with a small addition of VC, and the average particle size was one tenth
smaller than pure WC—Co system after heating to 1400 °C.

During past two decades, many papers were devoted to reveal the

mechanism of the carbide growth inhibition (CGI) due to such a sought-after

b . 1|
4 21l
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effect [43-58]. Hyoung et al.[58] suggested that the particle growth inhibition
of WC by VC addition is related to the increase in 2—dimensional nucleation
(2-DN) barrier due to an increased edge energy. This explanation is based on
the symptoms in a topological level-the change of thermodynamic equilibrium
shape of WC particles from a truncated triangular prism to a triangular prism
without a truncation by VC addition, which causes the increase in an edge
energy. This shape transition may be a change of WC/Co interfacial character,
but its underlying cause was not presented in the paper.

The first attempt to characterize the interfaces in an atomic level was
conducted by Jaroenworaluck et al.[43]. They observed V segregation on two
habit planes of WC, (0001) basal plane and (1010) prismatic plane, which
consist of WC surfaces. Since first reported by Jaroenworaluck et al., many
papers have reported the V segregation on the WC particle surfaces[44-57].
However, there are several controversial reports from two different stances due
to the difficulty for the observation of the interface structure at high
temperatures. One side, Kawakami et al.[46-48] insisted that there was no V
segregation during heating up and holding stages of LPS, and it just occurred
during cooling stage. They suggested that V segregation itself is not directly
correlated to the CGI effect, but the carbide growth is inhibited by the
intermittent adsorption and desorption of V atoms on the WC surfaces during
LPS.

The other side asserts that GGI of WC occurs by forming (V,W)C
segregation layers on the WC surfaces during LPS. Sugiyama et al. [51, 53]

examined the WC/Co interfaces for the quenched VC—doped WC-Co
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specimens after sintered at 1380 °C for 1 h. In these studies, they tried to prove
that (V,W)C segregation layers were existed at even LPS temperature.
Johansson and Wahnstrom[50, 52] conducted theoretical studies for the
stability of the thin (V,W)C cubic layers in WC/Co interfaces. They reported
that (V,W)C segregation layers could be stable at least on (0001) basal planes
of the WC carbides at a wide range of LPS temperatures.

The current status of the discussion for GGI is thus in the stage to prove
the existence of V segregation layers during holding stage of LPS. Although
their works suggested that the (V,W)C segregation layers were stable during
LPS, neither detailed exploration of the carbide growth behavior of VC—doped
WC—Co system nor detailed role of the (V,W)C layers were addressed.
Moreover, the fastest carbide growth of nanosized WC—Co occurs during
heating stage, and it is effectively impeded by the VC addition[42, 59].
However, these works have not explicitly revealed the mechanism of the early

stage consolidation—relevant carbide growth and action of the inhibitors.
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1.2.  Synthesis of nano WC-Co Composites via liquid
phase sintering

To best of our knowledge, no studies for sintered WC—Co composites
with a nanostructure (<50 nm) were reported up to now even though the main
challenge of this field is to achieve the genuine nanostructured WC—Co. Table
2 shows the results from the literature related to the synthesis of the
nanostructured WC—Co composites. Although high pressure assisted sintering
or rapid sintering techniques such as hot isostatic pressing and spark plasma
sintering, which are not feasible for the mass production, were employed to
avoid a rapid grain growth during sintering, the nanostructured WC-Co

composites with a grain size less than 50 nm were seldom reported.



Table 3. The summarization of the results related to the sintering of the nanostructured WC—Co composites from literature[1, 60].
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§irr;t:eer;:g Process T and t E’,\r/ele;zl;re I(—(léa/l:Ti]ri\g)rate Eic;\év?r?;] g);rains Inhibitors (Rozl)ative density sSiiznete(rner(rj1 )grain Ref.
Hot pressing 1300 C, 20 min 30 N/A - 0.6VC 100 169 [61]
Hot pressing 1700 C, 43Ks 1500 N/A 7 No 100 95 [31]
Hot pressing 1300 C, 90 min 25 N/A 80 No 100 780 [62]
sps? 1100<C,5min 25 N/A 80 No 100 780 [62]
HIP" 1000 <C, 1 h 150 N/A No 100 400 [63]
HIP 1000 <C, 1 h 150 N/A 0.4vC 100 200 [63]
SPS 1150 C, 10 min 60 N/A No 98 230 [64]
SPS 1100 C, 10 min 60 150 40-250 No 99.89 800 [65]
SPS 1100 C, 10 min 60 150 40-250 1vC 95.94 470 [65]
SPS 1240C,2min 60 100 50 No - 280 [66]
SPS 1240<C,2min 60 100 50 0.9vC - 170 [66]
SPS 1150 C,5min 10 KN 100 33 No - 200 [67]
SPS 1200 «C,5min 30 N/A 11 0.8VC 95.1 <100 [68]
SPS 1000 «C, 10 min 100 100 100 No - 350 [69]
HEIHS' 1200 C, 55's 60 1400 100 No 99.4 323 [70]
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d

PPS 1100C,5min 60 1000-1200
roc’ 1000 <, 10's 830 N/A
UPRC' 1200 <C, 15 min 1000 200
SPS 1100 <C,5min 50 200

60

50

75 (10 x-tallite)

No

No

No

2vC

98

94.6

99.4

100

50

150
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[71]
[72]
[73]
[60]

 Spark plasma sintering

b Hot isostatic pressing

¢ High frequency induction-heated sintering
4 Pulse plasma sintering

¢ Rapid omni compaction

fultrahigh pressure rapid hot consolidation
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1.3. Purpose of the work

In this part, we demonstrated the possibility for the synthesis of genuine
nanostructured WC—Co composites via liquid phase sintering for WC—Co
composites with a thorough investigation for the underlying mechanisms of the
grain growth inhibition during liquid phase sintering.

VC was exploited as a dopant opposing grain growth during liquid
phase sintering. The present work focuses on the structural evolution of VC—
doped WC—Co system with a nanostructure during the early stage of sintering
through an atomic level analysis. We demonstrate the mechanism of grain
growth inhibition by the formation of (V,W)C segregation layers and suggest a
scalable pathway for genuine nanostructured WC—Co composites with < 50 nm
carbide size. The system exhibited a very high stability of nanostructure for a
long time-at-temperature up to relatively high temperatures and showed

somewhat unusual microstructural characters.
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I1. Experimental procedure
2.1. Materials and methods

Tungsten trioxide powder (particle size: <20 um; purity: 99%; Sigma-
Aldrich, St. Louis, MO, USA) and graphite powder (particle size: 1.65 um;
purity: 99%, Seung-Lim Carbon Metal, Ansan, Korea) were milled via a high-
energy ball mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany). In the
milling process, WC—Co coated stainless steel jars and WC—Co balls with a
diameter of 5 mm were used to minimize contamination. The ball-to-powder
weight ratio (BPR) was 40:1. For the fabrication of WC nanopowder, the as-
milled powder mixtures were heated up to 1100 °C for carbothermal reduction
and carburization at a heating rate of 10°C/min under vacuum (107 torr) in a
graphite vacuum furnace and kept for 10 min at the temperature, and furnace-
cooled to room temperature.

Pure cobalt powder (particle size: 2.3 um; purity: >99%; Cobatech Co.,
Ansan, Korea) and mixture powder of Co and vanadium carbide (particle size:
<20 um; purity: 99%; Alfa Aesar) were milled separately by the high-energy
ball mill to reduce grain size in an ethyl alcohol at 200 rpm for 20h. WC
nanopowder was blended with the as-milled pure Co and Co—VC mixture
powder to reach target compositions of WC-15 wt %Co and WC-14.5
wt %Co—1.5 wt %VC, respectively. The blending process was carried out in an
ethyl alcohol media using WC—Co balls in plastic bottles. The BPR was 10:1,

and the rotation was at 200 rpm for 20h. The mixed slurries were dried and then

p

M 21l
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sieved (125 mesh) to remove agglomerates. The powder mixtures were pressed

into discs of lcm in dia. under a pressure of 150 MPa.

To characterize the carbide growth of pure and VC-doped WC—Co
system, the green discs were sintered in a graphite vacuum furnace (~107* torr)
in the temperature range of 1200-1350 °C for various durations.

For the characterization of interfaces, the green compacts were heated
up to 1300 °C in a vacuum with a heating rate of 10 °C/min, and kept at the
temperature for 10 min to homogenize the composition of V, and then cooled
down to 1200 °C, and held for 1 h to reach the equilibrium composition and
microstructure, and subsequently quenched into water vessel. Thin samples for
transmission electron microscopy (TEM) observation were prepared from the
specimens quenched at 1200 °C with focused ion beam (FIB) in a Helios 650
NanoLab instrument (FEI, USA) using 15 KeV Ga" ions for initial thinning and

5 KeV Ga' ions for final thinning.
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2.2. Characterization

The prepared specimens were characterized by MERLIN Compact
FESEM. The carbide sizes of the samples were measured by line intercept
methods using back scattered electron (BSE) FESEM images.

Spherical aberration-corrected scanning transmission electron
microscopy (Cs STEM) was performed using a JEM-ARM200F microscope
(Cold Field Emission Type, JEOL, Japan) operated at 200 KV (HADDF
detector: 8 cm, semi-angle of convergence: 68~280 mrad). Compositional
distribution was investigated using energy dispersive X-ray spectroscopy (EDS)

in STEM mode.
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I1l. Result and Discussion

3.1. WC growth in undoped WC-Co

The resulting WC nanopowder was 19.5 nm in an average particle size
with a standard deviation of 2.2 nm as measured by FESEM images.

For the characterization of pure WC—Co system, a fast heating rate (300
°C/min) was applied to minimize the growth of WC during heating stage. Figure
18 shows typical FESEM micrographs and particle size distributions exhibiting
a fast WC growth during heating. Fig. 18a and 18b are from the samples
sintered at 1250 °C and 1350 °C for 1 min, respectively. After sintering at 1250
°C for 1 min, a few very large WC particles are observed in the pool of the very
small WC particles as shown in Fig. 18a. In contrast to those at 1250 °C, no
small carbides are observed at 1350 °C as presented in Fig. 18b. Fig. 18c shows
the measured 2-D carbide size distributions of the samples sintered for 1 and
10 min at two different temperatures along with the average carbide size. With
increasing temperature and time, the particle size distribution was broadened
and the average size of WC particles increased drastically. After 1 min at 1250
°C, only few numbers of WC particles grew greatly, while the remaining WC
particles did not grow appreciably. After 10 min hold at the temperature, no
small particles are observed. At 1350 °C, only large particles are observed from
the early stage of 1 min hold, and the size of large particles became larger and
the numbers of large particles increased consuming small particles with time.
Considering these grain growth behavior, the fast growth rate of nano WC

particles must be a result of abnormal growth.
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Wang et al.[42] suggested that the fast carbide growth of nano WC
carbides occurs by the coalescence between WC carbides. Although most of the
large carbides at a high temperature can be explained in terms of coalescence,

the faster growth rate of the largest carbide at a low temperature cannot be

explained.
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Figure 18. FESEM micrographs and grain size distribution for pure WC—Co
samples sintered at two representative temperatures and times. A fast heating
rate of 300 °C/min was employed in order to minimize the grain growth during
heating: (a) 1250 °C for 1 min (b) 1350 °C for 1 min, (c) the particle size
distribution along with the average size.
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The observed microstructural evolution can be well explained by the

mixed control model of the grain growth suggested by Kang et al.[74-82],
which reflects the coupling effect of the maximum driving force for growth
(Agmayx) and the critical driving force for appreciable migration of the interface
(Ag.) [78, 79]. According to their theory, the grain growth of the system with a

faceted interface occurs in a manner of mixed-control expressed as follows[78].
dr (1 1y\7!
w=g=( ) (28)
where r is the radius of carbide, vp the growth rate controlled by diffusion
and vy the growth rate controlled by interfacial reaction. For the growth
kinetics by diffusion, Ardell’s model[83] was used. vp and vy are then

expressed as

_dT‘_A(l 1) (1 v T) 29

==y U @9
dr C

Vg = rri Bexp 11 (30)

T

Here, r* is the critical radius of carbides neither growing nor shrinking and
B(V) the function of precipitate volume fraction (V). A(= 2yV,,DC/RT),
B(x h) and C(= mo?/6kThy) are constants that depend on interfacial energy
(), diffusion coefficient (D), the concentration of the saturated solution (Cy),
step height (h), step free energy (o), and temperature (T).

According to Egs. (28)—(30) above, there is a critical driving force for
growth, Ag., due to 2-dimensional nucleation which depends mainly on the

step free energy (o) and temperature (T) as Eq. (31).
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no?

Ag. =E Th (31D
where E isa constant, which is independenton o, T and h. According to Eq.
(4), Ag. is proportional to the square of o and inversely proportional to T.
The carbides with a larger driving force than the Ag,. can selectively grow,
resulted in abnormal grain growth (AGG).

The evolution of the abnormal carbides in Fig. 18 can be explained by
means of the change of Ag.. At low temperatures, only a few carbides can grow
fast abnormally due to a large Ag.. At high temperatures, more carbides can
grow fastas Ag. decreases with temperature. The driving force for the growth
is determined by its size relative to the average carbide size[82], which is

expressed as:

Ag = 4y (i—l> (32)
ror

if the mean field concept is accepted. Here, 7 is the average carbide size. To

approximate the driving force of the largest carbide, Ag;., the interfacial

energy is assumed to be 0.1 J/m*[84] although it varies with temperature and

the interfacial orientation relationship. Their driving forces is calculated based

on the average carbide sizes and the largest carbide sizes presented in Fig. 18c.

The estimated Ag;; for the samples sintered at 1250 and 1350 °C for 1 and 10
min, respectively, are 9.8x10° J/m?, 7.0x10° J/m?, 8.0x10° J/m’ and 2.8x 103
J/m?3 in the same order of that in Fig. 18c.

The variation of Ag,; with temperature and time, Ag/;*t, and the

variation of Ag, with temperature, Ag?l, are schematically illustrated as a
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function of growth rates and driving forces in Fig. 19. The growth rate of the
carbides with the driving force larger than Ag, increases with temperature due
to the increased atom mobility. Nonetheless, the growth rate of the largest
carbide at 1250 °C (the blue open circles in Fig. 19) is greater than that at 1350
°C (the red open circles) due to its large driving force, Ag}2>°~t.

Based on these results, we conclude that the carbide growth in WC—Co
system occurs by mixed-control mode rather than the coalescence. The results

imply that the nanostructure of WC—Co is extremely vulnerable to the carbide

growth, which makes it difficult to obtain nanostructure by a traditional

technique.
1250—-10
Agig 1250-1
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Figure 19. Schematic illustration of the critical driving forces at 1250 and 1350
°C and the driving forces of the largest grains at the temperatures and duration
times, Agrzt, along with the grain growth rates with the driving forces.
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3.2. Carbide Growth of VC-doped WC-Co

A slow heating rate of 10 °C/min was employed during heating for

homogeneous distribution of V. FESEM micrographs of VC-doped WC—Co
samples sintered at 1250, 1300 and 1350 °C for 1 h, respectively, are presented
in Fig. 20a—c. Abnormal carbide was not observed in the samples sintered at
1250 and 1300 °C for 1h (see Fig. 20a and b), whereas some appeared in the
samples sintered at 1350 °C for 1h, which are indicated by blue dashed polygons
in Fig. 20c. Fig. 20d—f shows the variation in the carbide size distribution of the
systems as a function of sintering temperature and time. Little change was noted
at 1250 and 1300 °C with time and the carbide growth is minimal (see Fig. 20d
and e). To my best knowledge so far, no such nanostructure with extremely
small carbides has been reported. At 1350 °C, however, the carbide particles
begin to grow abnormally from the early stage of sintering as shown in Fig. 20f.
These imply that Ag,. of the system might be significantly large if the carbide
growth occurs in the mixed-control mode. Interestingly, the growth kinetics of
the abnormally-grown carbides as well as other nano-sized carbides in the
system is considerably slow than that of pure WC—Co. The size of the abnormal
carbides was in the range of several micrometers even though the number
density of the abnormal carbides is very low compared with pure WC—Co (refer
to Section 3.3.1). In addition, the surfaces of small WC carbides look relatively
rough compared with that in pure WC—Co which is fully faceted (Fig. 18a and
b vs. Fig. 20a and b), while the large particles have faceted surfaces as denoted

by white arrows in Fig. 20a-c.
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Figure 20. . FESEM images and grain size distribution for the VC-doped WC—
Co samples sintered at various temperatures and times. Slow heating rate of 10
°C/min was employed in order to maximize the effect of grain growth inhibition:
(a) 1250 °C for 1 h, (b) 1300 °C for 1 h, (¢) 1350 °C for 1 h. (d), (e) and (f) show
the variation of the particle size distribution at 1250, 1300 and 1350 °C,

respectively, as a function of time. The grains with faceted interfaces are
marked by white arrows.

Based on the results above, we can tentatively conclude that the
carbide growth of the VC-doped WC—Co is delayed by the increase in Ag,.
But the slow growth kinetics of the abnormal carbides as well as small matrix

carbides cannot be explained by the increase in Ag, alone.
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3.3. Interface Characterization: (V,W)C cubic layer
formation

Cs-STEM studies were performed on the samples prepared by
quenching to room temperature from 1200 °C after 1 h and representative
results are summarized in Fig. 21. The shape of WC carbides is generally a
triangular prism which consists of two {0001} basal facets and three {1010}
prismatic facets [45, 53, 58]. Thus, we need to investigate the two habit planes
regardless of the existence of steps since the steps also consist of the basal and
prismatic facets [44, 53].

Fig. 21a shows a typical WC carbide in the sample, in which the center
carbide is seen along [0001] direction and the carbide denoted by white
dashed square along the [1210] direction. The carbide surfaces are very rough,
which is well consisted with the FESEM images in section 3.3.2. This is closely
related to the carbide growth behavior, which will be discussed later. Cs-HR
STEM DF and BF images of the typical prismatic and basal interfaces are
shown in Fig. 21b and c, respectively, which are from the region denoted by
label A and B in Fig. 21a.

The dark, two atomic layers within white dashed square in Z-contrast
image (Fig. 21b), correspond to a segregated (V,W)C on (1010) facets. The
elements in dark region of the DF image correspond to light element, while it
is opposite in BF image. We found that most of the {1010} facets of WC
carbides, in this study, are uniformly covered by two atomic layers of (V,W)C,

where the relationship of (1010)y¢//(00 Dww)c exists at the interface as
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illustrated in Fig. 21d. The interplanar distance of (110)y,w)c is measured to
be ~2.9167 A, which is similar to that of VC, 2.9465 A from JCPDs, while
those of (0001)yc and (1210)y near the interface are about 2.9234 and
3.0599 A. Thus, the misfit at the interface can be estimated as 0.23 % along
[0001] direction and 5.71 % along [0110] direction, respectively. In spite of
the large misfit along [0110] direction, they make a coherent interface in the
long range as shown in Fig. 21b. Fig. 21c shows the (0001) basal facets,
where the bright, three atomic layers are uniformly formed on it with
(0001)w¢//(111)(y,w)c orientation relationship as shown in Fig. 21e. The
interatomic distances on (0001)y planes and (111)y ) planes are
measured to be 2.9714 A and 2.9387 A, respectively, with calculated lattice
misfit of ~ 1.1 %. This low misfit might have induced three layers of atoms on
the (0001) facets: i.e., low misfit at (0001)y¢//(111)y w)c interface
compared with (1010)y¢// (001)(v,w)c interface.

The results are somewhat different from other reports, which show a
thinner (two layers) (V,W)C layer on (0001) facets and a partial covering of
(1010) facets with the intermittent segregation of (V,W)C phase as an island
type[51, 53, 56]. Sugiyama et al.[53] explained the morphology of the interface
structures in terms of lattice misfits between WC and (V,W)C layer. This
interpretation is in line with our results, but the different appearance of the

morphologies in our results and their results cannot be explicitly understood.
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Figure 21. CS-STEM micrographs of VC-doped WC—Co sample prepared by
quenching from 1200 °C after 1 h sintering: (a) STEM dark-field (DF) image
showing WC grain analyzed, (b) high resolution (HR) STEM DF image
illustrating the segregated (V,W)C atomic layers on (1010) surface of WC in
the region labeled A, (c) HR STEM bright-field (BF) image showing the the
segregated (V,W)C atomic layers on (0001) surface of WC in the region
labeled B. (d) and (e) illustrate the orientation relationship at the prismatic and
basal interfaces, respectively.
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In the growth of the cubic phase precipitating, the lattice misfit between

a thin film cubic phase and WC substrate might induce a misfit dislocation and

cracks in the thin film layer. Thus, there should be a critical number of atom

layers which exist without a generation of misfit dislocation [85]. Similarly,

there will be a critical atom layer of (V,W)C, which might be determined by the

area of interface as well as the degrees of misfits. Once the lattice misfit

accumulated at an interface approaches the critical value, the (V,W)C phase is

likely to become a thinner layer or separate in an island form to reduce the strain
developed at the interfaces.

The thick layers (three atomic layers) of (V,W)C were commonly
observed only on (0001) facets of the small ledges less than about 10 nm,
while the presence of thinner layers on large ledges [44, 45, 51, 55, 56] provides
the evidence for the above supposition. In our system, it seems that many small
steps at the surfaces of WC carbides (see the white arrows in Fig. 21a and b)
make a possible to form the thicker and homogeneous layers. The existence of
many steps in our system can prevent the system from the accumulation of
misfit strain by introducing short range matches between WC and (V,W)C

layers.



70

3.4. Formation of Twins and Ledges

While the unusual complete sealing of WC carbides by (V,W)C layers
in the present study is elucidated by the existence of small steps at the surfaces
of WC carbides, the knowledge of how the steps are formed and are distributed
inside WC carbides is instructive in understanding the behavior of the
constituent atoms and carbide growth during sintering. Interestingly, it is
observed that there are many twins inside all WC carbides, which we have
observed, as displayed in STEM DF image of Fig. 22a. Fig. 22b and ¢ shows
the enlarged STEM DF images illustrating the twins inside WC carbides
(yellow arrows) and the steps at the surfaces of WC carbides (white dashed
ellipses). The small steps are placed at the end of the twins, indicating that their
origin is the twins inside WC carbides. The dark, defects inside WC carbides,
which correspond to light elements in STEM DF images, are often observed,
where the twins seem to initiate as denoted by yellow arrows in Fig. 22a and c.
In order to identify the defects inside WC carbides, high resolution Cs STEM
and STEM-EDS analysis were performed as presented in Fig. 22d—g. The
(1010) facets of WC carbides is covered with two atomic layers of (V,W)C
layers and the dark atom, V, in the same Z-contrast for (V,W)C layers is trapped
in the outmost layer of (1010) facets as pointed by pink dashed ellipse in Fig.
22d. The twins are also observed at the vicinity of the dark atom (yellow
arrows). Fig. 22e shows V composition mapping results corresponding to the
region outlined by white square in Fig. 22d. V is mainly concentrated at the

(V,W)C layers and interestingly, resided inside WC carbides rather than Co
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phase. This result is absolutely unexpected when considered the fact that the
solubility of V in WC is nearly zero [86] and V is mainly concentrated at the

WC/Co interface and Co phase [53].

Figure 22. CS-STEM micrographs of VC-doped WC—Co sample prepared by
quenching from 1200 °C after 1 h sintering; (a) STEM BF image showing WC
grains with a high density of twins, (b) and (¢) HR STEM DF image illustrating
the array of twins inside WC grain and ledges on the surface of grain. (d) and
(e) are HR STEM DF image and EDS result, respectively, showing the presence
of V and the origin of twins. (f) demonstrates the trapped V cluster and (g)
provides an evidence for the V or W diffusion through (V,W)C cubic layers.
Yellow arrows indicate the twins and white dashed ellipses the ledges on the
prismatic facets in (b) and (c). Pink ellipses in (d), (f) and (g) are for V atom
and clusters trapped in WC grain.
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Besides the dark atoms, dark clusters are often observed inside WC
carbides as denoted by the pink dashed ellipse in Fig. 22f, which correspond to
V atoms too. These results are in line with the STEM-EDS mapping results.
Many twins are generated at the region of V cluster, which seems to come from
the relaxation of V inside WC lattice. The V atom or cluster inside WC carbides
is considered to be trapped during the carbide growth at the sintering stage
because V is not included at the synthesis process of WC powder. The V
trapping and twin generation are a rare event in the submicron-sized VC-doped
WC—Co systems [44, 45, 51, 53, 55, 56], indicating that it is a unique feature
of the nanostructured WC—Co with a small carbide size less than 100 nm.

The trapping of V and subsequent twin generation in the nano system
can be explained by two possibilities. One is the trapping of V by a different
growth rate of carbides with crystallographic directions. If the growth rate in a
directions is dissimilar, the (V,W)C layers at the region growing slow can be
partly trapped by the growth of the other region growing fast. The other
possibility is that V atom or cluster is stabilized inside the WC lattice by
generating twins. The twin generation in the system can be relatively easier than
in submicron or micron-sized material system. Although twins have a low
energy in the lattice, the formation of many twins through a long range will
increase the energy of whole system, preventing the V trapping and the
subsequent twin generation.

The trapping of V atoms during sintering provides not only the
evidence for the existence of (V,W)C layers during sintering but also the clue

for the carbide growth behavior when WC carbides are sealed with the (V,W)C
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layers. It is observed that the outmost layer of WC carbide adjacent to the
(V,W)C layers is partly occupied by some small and dark atoms as highlighted
by pink dashed ellipse in Fig. 22g. These atoms by the Z-contrast image
correspond to the V atoms that are trapped during growth when WC particles
grow, whereas, these are the atoms occupied in the position of W atoms
dissolved when WC particles shrink. It indicates that the growth of WC
carbides is completed by the inward diffusion of W atoms via the (V,W)C layers

after 2-DN.
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3.5. Effect of Step Free Energy

Most interesting feature of the present system is that their nanostructure
is highly stable to the carbide growth. Their carbide growth follows a
discontinuous growth behavior by 2-DN and growth as presented in Section
3.2.2, which is attributed to the faceted character of WC carbide surfaces. In
order to appreciate the origin of the high stability of the nanostructure, it is thus
instructive to investigate the effects of the step free energy, the concentration of
W atoms in Co phase, the diffusivity and the interfacial energy according to the
Egs. (29)—(31).

The critical driving force is mainly affected by the step free energy, o,
according to Eq. (31). It is reported that the o can be changed by adding
dopants[74, 78, 87, 88]. The dopant addition in these studies commonly induces
the change of grain shape from rounded to faceted or vice versa, accompanied
abnormal grain growth in faceted systems due to the increased 2-DN barrier.
According to Wallace et al.[87], (111) twins exaggerate abnormal grain
growth containing twins in lead magnesium niobate-lead titanate system
because the twins decrease 2-DN barrier.

The present system showed a very high thermal stability even though
they possess many twin-induced steps. This is thus distinctive from the
variation in ¢ by the shape change as above mentioned reports because our
system keeps still a faceted morphology and the reduction of ¢ is not
perceived by the generation of steps. The deliberate observation for the steps in

Fig. 22b—d provides the clue for the high stability. All the steps highlighted by
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white or pink dashed ellipses are completely sealed with (V,W)C layers. The
growth by 2-DN is recognized as a layer by layer growth. When W atoms
precipitate on (V,W)C layer, newly formed layer of WC is likely to have
(V,W)C form with a cubic structure. Thus, such a new layer formation induces
an additional strain energy because the preformed two or three layers of (V,W)C
will be in the equilibrium thickness as discussed in previous Section 3.2.4. In
addition, the co-precipitation of W and V atoms is energetically favorable due
to the large difference between W and V atomic radii. However, the lack of V
in Co phase in Fig. 22e might make such a co-precipitation more difficult.
Therefore, we can conclude that the existence of (V,W)C layers contributes to
the rise of 2-DN barrier, i.e. the critical driving force, Ag,., leading to the delay

of the occurrence of abnormal carbide growth as presented in Section 3.2.2.
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3.6. Effect of Solubility and Diffusivity of W

Although the delay of abnormal carbide growth is elucidated by the
increase in Ag., the slow growth rate of the abnormal carbides (cf. Section
3.2.2) cannot be understood. According to Eq. (29), the growth rate of the
growing carbides with a larger driving force than Ag. is proportional to the
concentration of W in the saturated Co solution, C,,, of which the original
meaning is the equilibrium concentration for an infinite radius (r = o). STEM-
EDS analysis was performed for the samples quenched at 1200 °C after 1 h.
The equilibrium concentrations of the saturated Co-based solutions for the pure
WC—Co and the VC-doped WC—Co specimens are listed in Table 1. According
to the results, the concentration of W in the Co-based solution is not influenced
by the addition of V, which is similar to the results reported by Lavergne et
al.[89] as listed in Table 1. They also reported that the diffusivity of W in Co-
based solution, D§?, is not affected by V addition at 1200 °C. These results
indicate that the slow carbide growth of the present system is not a matter of
the solubility and diffusivity of W in Co phase at the concerned temperature

range.
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3.7. Effect of Interfacial Energy

According to Eq. (29), the change of the interfacial energy can also
influence the growth rate of the growing carbides. Johansson et al., performed
the theoretical work for the interfacial energetics of the VC-doped WC—Co
system. Their work showed that the V segregation as a thin film is stable for a
wide range of temperatures and the interfacial energy can be decreased by
minimally 0.05)J/m? and maximally 1.1J/m? by (V,W)C thin film at WC/Co
interface. However, this amount of the interfacial energy decrease is negligible
compared with the decrease in the growth rate less than one hundredth of the
present system (cf. Section 3.2.2). The another reason related to the (V,W)C

layers will thus be in control for the carbide growth inhibition.
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3.8. Modeling of Carbide Growth of VC-doped WC-Co
system

We suggest the carbide growth mechanism of the present system by the
interference of the (V,W)C layers based on the above results. The growth of
WC carbides in the system is eventually completed by the infiltration of W
atoms through (V,W)C layers after 2-DN on the layer. This means that 2-DN of
W atoms on (V,W)C layers is not the completion of growth. The evidence for
the diffusion of W atoms through (V,W)C layers is found in Fig. 22g as
presented in Section 3.2.4. Hence, the carbide growth of the system is
considered as the mixed control of 2-DN on (V,W)C layer and the diffusion
through the layers.

In order for this supposition to be valid, it should be first verified that
all of the WC grains in this system can be fully covered with the (V,W)C cubic
layers by the addition of 1.5 wt % VC. Based on the experimental observation
as presented in Section 3.2.2 and 3.2.3, the shape of WC grains was assumed to
be triangular prism with an aspect ratio of h/t = 1 as shown in Figure 23a. It
is also considered that three atomic layers and two atomic layers of (V,W)C
cubic phase are precipitated on {0001} basal facets and {1010} prismatic
facets, respectively. Figure 23b shows the estimated numbers of WC grains and

the WC grains to be covered with the (V,W)C cubic layers.



79

o 40

5 1 ([b)) ¥ Number of WC grains

& - %7 Coverage of (V,W)C layers on WC
=z 38 .

=

=

g

= 364

o

)

2

t £

= 34 -

5

]

Ty,
E n Ty
X E vy

E vvv.v“_'
= v
= 30

h
—=1
t

T T T T
0 50 100 150 200 250 300 350 400 450
Average Grain Size (nm)

Figure 23. The estimated numbers of WC grains per unit volume and the
numbers of WC grains per unit volume, which can be covered by (V,W)C cubic
layers, with grain size. (a) schematic diagram of WC grain, (b) The calculated
results.

The Numbers of both WC grains (black triangles) and WC grains to be covered
with (V,W)C cubic layers (red open triangles) were exponentially decreased
with increase in grain size. The numbers of WC grains per unit volume were
larger than that of WC grains to be covered with (V,W)C cubic layers below 30
nm of average grain size, which is a critical size that the numbers of WC grains
are equal to the numbers of WC grains to be covered with (V,W)C cubic layers
(red dotted circle in Figure 23b), while become smaller above 30 nm. These
results reveals that WC grains in our system can be fully covered with (V,W)C
cubic layers and the amounts of VC dopants should be determined by WC grain
size used. Thus, it can be said that the supposition above is valid.

Figure 24 illustrates the concentration profile of W through the phases

and the 2-DN and the diffusion of W atoms through the (V,W)C layers.
1 O 1)
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Figure 24. Schematic illustration of the concentration profile of W through the
phases and 2-DN on (V,W)C layer, through which W diffusion occurs.

To consider the diffusion through (V,W)C layers, we assume the
steady-state diffusion through concentric spheres of radii r and r + §, which
is the same as that proposed for the diffusion of carbon in tungsten ball by Pirani

and Sandor[37]. The mathematical expression of the model is described as

d (dec)—o 33
dR dr/ (33)

where C is the concentration at radius R. If we apply the boundary condition

for the above Eq. (6), the flux is expressed as

dc _pye(cd™e-c)

J(r) = _DE 2 ( 1 1)

r+d r

(34)

where DS,/ WIC i the diffusivity of W in (V,W)C layers, C, the concentration

of W at the WC/(V,W)C interface of WC with a radius r, CV(VV’W)C the

concentration of W at the (V,W)C/Co interface, § the thickness of (V,W)C

% A=t &n

—
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layers. The growth rate is expressed as

b o (e )
dt 12 ( 1 1)

(35)

r+8 T
where cfv”'””c is similar to the concentration of W at very large distances from
WC carbide, C$°, according to STEM-EDS analysis. If The term C&,"'W)C -
C, ~ CS° — C, is written as ( CS° — Co) — (C — Co,) and the Gibbs-

Thomson relation is applied,

2YVnCo
Cr—Copo =—— 36
v RTr (36)
2yV,..C
Co _ - m=o
Cp’ — Co R (37)

where C,, and r* have a same meaning in Egs. (39) and (30). Eq. (35) can

then be expressed as

-~ (38)

, _dr  2yVCuDy™° (1 1)
r

P e (1T

This equation is similar to Eq. (29) derived by Ardell for form’s sake.
Comparing Eq. (38) with Eq. (29), it can be noticed that the growth rate is
limited by a low diffusivity of W in (V,W)C layer, D{/"™’¢, which might be
several orders lower than that in Co phase, and the thicker the thickness of
(V,W)C layer is, the slower the growth rate is.

Thus, the carbide growth rate of the present system is controlled by a
mixed manner of 2-DN on (V,W)C layer and the diffusion through the layers

and expressed as similar to Eq. (28).



82
dr (1 1\
vMEE:<¥+E> (39)
where vi has a same formula with Eq. (30), but a different step free energy
value, o’.

In conclusion, the most interesting feature of the present system is the
high stability of extremely fine nanostructure for a long time-at-temperature up
to high temperature, providing possibly scalable pathway, which may be
understood as follows.

The finer the size of WC carbides is, the faster the carbide growth is,
which is governed by accelerated abnormal carbide growth. However, the WC
carbides of the present system is completely sealed with (V,W)C layers, which
is enabled by the many twin-induced steps. The abnormal growth of nano WC
carbides is prevented due to the increased strain energy by an additional layer
formation through 2-DN on (V,W)C, and the growth rate of growing carbides

is also limited by the diffusion of W atoms through (V,W)C layers.
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3.9. Synthesis of nano WC-Co via liquid phase sintering

In order to demonstrate the realizable possibility for the mass
production of nanostructured WC—Co composites, the variation of the relative
densities and WC particle size of VC-doped WC—Co composites with
temperature and time during liquid phase sintering were examined. The
resulting density variations and particle sizes are presented in Figure 25. Here,
the theoretical density is roughly estimated by the mixture rule and the
estimated value is 14.55 g cm™. At 1250 °C, the relative density and WC particle
size were initially 76.4 % and 20.1 nm, respectively, and rarely changed with
time. On the other hand, the relative densities at 1300 and 1350 °C were initially
79.0 and 83.2 %, respectively, and dramatically increased to 94.4 and 97.0 %,
respectively, while the WC particles were merely grown up to 2 h holding.
These results reveal that the nanostructured WC—Co composites with a size of
~30 nm can be achievable if pressure-assisted sintering such as gas pressure

sintering (GPS), which is widely used in cutting tool manufacturers, is adopted.
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Figure 25. The variation of the relative densities and WC particle sizes with
temperature and time during liquid phase sintering,.

Figure 26. FESEM micrographs for the samples sintered at 1250 (a), 1300 (b)
and 1350 °C (c) for 1h, respectively.
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Figure 26a, b and ¢ show FESEM micrographs for the samples sintered
at 1250, 1300 and 1350 °C for 1h, respectively. The samples sintered at 1250
and 1300 °C for 1h have small particle sizes and homogeneous size distributions
(Figure 26a and b). At 1350 °C, abnormal WC particles begin to appear as
shown in Figure 26¢, which might be related to the decrease in thermodynamic
stability of (V,W)C cubic layers. According to the theoretical study of
Johansson and Wahnstrom[52], the thermodynamic stability of (V,W)C cubic

decreases with temperature.

Figure 27. FESEM micrograph of the sample heated to 1300 °C at a heating rate
of 100 °C/min and held at the temperature for 1 min.
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It was found that the growth behavior of WC particles is changed with
a heating rate during heating stage of sintering. Figure 27 shows FESEM
micrograph of the sample heated to 1300 °C at a heating rate of 100 °C/min and
held at the temperature for 1 min. WC particle size was very large compared
with the samples heated at a heating rate of 10 °C/min. Moreover, very large
abnormal particles were frequently observed. This somewhat unexpected result
could be attributed to the lack of time for the homogeneous distribution of VC
through the specimen during heating, which additionally supports our
supposition for the mechanism of grain growth inhibition. From the result, the
techniques with a fast heating rate is not suitable for the sintering of VC-doped
WC—Co composites because WC particles can grow fast before the complete

sealing of (V,W)C layers.
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V. Conclusion

A systematic analysis of the carbide growth behavior during sintering

was performed with nanostructured VC-doped WC—Co system. Following are

the summary and conclusions of this study:

1.

The carbide growth of pure WC—Co system with a small carbide size is
highly accelerated due to the large driving force for growing carbides by
AGG.

VC-doped WC-Co system exhibited very high thermal stability of
nanostructures for a long time-at-temperature up to high temperatures.
Three and two atomic layers of (V,W)C phase were found to be uniformly
segregated on (0001) and (1010) facets of WC, respectively. V atoms
mainly resided at the WC/Co interface and inside WC carbides, but are not
in the Co phase, which is attributed to the segregation and trapping of V
atoms during carbide growth.

Trapped V atoms generated many twins in order to relax itself inside WC
carbides, accompanying the subsequent generation of many steps. The
steps assist the complete sealing of nano WC carbides by (V,W)C layers,

leading to the effective inhibition of carbide growth.
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Overall Conclusion

The formation of WC nanopowder during carbothermal reduction and
the grain growth inhibition of WC particles during liquid phase sintering were
systematically explored both experimentally and theoretically. New
methodology for the fabrication of various nanopowders was developed and the
scalable possibility of nanostructured WC—Co composites with an extremely
fine particle size of 30 nm was suggested. The main results can be summarized
as follows:

First, extremely fine WC nanopowder with an average grain size of
10.54 nm was successively synthesized by newly developed production method,
grain growth controlled method. The carbothermal reduction of WO3-C mixture
is controlled by the outward diffusion reaction of oxygen and the inward
diffusion reaction of carbon in reactant grains. A theoretical estimation for the
reactions during carbothermal reduction reveals that the smaller the grain size
is, the faster the reactions are. The experimental results for the growth of WC
grains is fitted by linear regression between the cube of average grain size (a®)
and time (t). A theoretical approach for the grain growth represents that the
growth of WC grains is mainly controlled by the surface diffusion, and the
average grain size is proportional to ~ t%32. The grain growth rate increases
with the coordination number, revealing that the loose packing of raw powder
mixture during carbothermal reduction is beneficial for the fabrication of

nanopowders.
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Second, a systematic analysis of the carbide growth behavior during
sintering was performed with nanostructured VC-doped WC—Co system. Three
and two atomic layers of (V,W)C phase were found to be homogeneously
segregated on (0001) and (1010) facets of WC, respectively. V atoms
mainly resided at the WC/Co interface and inside WC carbides, but are not in
the Co phase, which is attributed to the segregation and trapping of V atoms
during carbide growth. Trapped V atoms generated many twins in order to relax
itself inside WC carbides, accompanying the subsequent generation of many
steps. The steps assist the complete sealing of nano WC carbides by (V,W)C
layers, leading to the effective inhibition of carbide growth. VC-doped WC—Co
system exhibited very high thermal stability of nanostructures for a long time-
at-temperature up to high temperatures (1300 °C for 1 h), which guarantees the
possibilities of the mass production of the genuine nanostructured WC—Co

composites (30 nm in an average particles size).
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List of Further Works

We found out that the heating stage of carbothermal reduction is very
important for the synthesis of carbide nanopowder. Although we succeeded for
the production of WC nanopowder with an extremely fine grain size, the effects
of the environment during carbothermal reduction process such as CO/CO; gas
pressure in a vacuum furnace are not explored. Therefore, more research about
these issues are needed.

In addition, it was found that the nanostructured VC-doped WC-Co has a
very high stability at high temperature for a long time. However, the full
densification of nanostructured VC-doped WC-Co are not done yet. The effect
of carbon contents in the system was not elucidated even though it is closely

related to the growth behavior of WC during liquid phase sintering.
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