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- E. ALIZADEH

Department of Chemistry, Faculty of Sciences, Gukilan' University, PO. Box 1914, Rasht, Iran
E-mail: homayoonl52000@yahoo.com

Trace elements ranging between 10 and 200 ppm, added to tung-
sten blue oxide prior to reduction, appear to have a considerable
influence on the reduction kinétics and properties of tungsten pow-
ders. Marked effects on the grain growth, shape and size of the
tungsten crystallites, the Scott density, the grain size distribution
and the degree and solidity of agglomerations can be observed even
though the impurity elements are partially volatilized during reduc-
tion. In order to determine the effects of interactions between im-
purities, powders containing more than one trace element at a time
were tested. The amount of impurity elements present in fungsten

~powders after reduction can be further reduced by a carburization
reaction. The final concentration of impurities remaining in the
tungsten carbide after carburization of the mngsten powder depends
on the nature of the €lement and of the chemical compound added
as well as on the time and temperature of the heating cycle. Distinct
influences of the trace impurities on the grain growth and on the
properties of tungsten carbide powder ‘were observed. In tungsten

. carbide powders, grain size and grain size distribution, as well as
the size of the single crystalline domains within the polycrystalline
tungsten carbide grains, are influenced by impurities. The oxygen
content and milling behaviour of the powder also depend on foreign
elements, even though their concentration is very low in most cases
after carburization. Impurities also appear to have a remarkable
influence on the grain growth of tungsten carbide crystals during
liquid phase sintering in molten cobalt and consequently on the final
structure of cemented carbides.
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INTRODUCTION

The properties of cemented carbides greatly depend on their chemical compo-
sition and their microstructure formed during liquid phase sintering. For all
applications of tungsten carbide-cobalt hard metals, utmost homogeneity in
tungsten carbide grain size and distribution in the binder phase is desirable.
During sintering, the size and shape of the particles are altered. The coarsening
of the tungsten carbide grains can be influenced by the sintering parameters, such
as temperature, time, atmosphere, heating and/or cooling rate and milling
conditions. Another important set of parameters is linked with the raw materials
(particle size, grain size distribution, etc.). A decrease in interface energy between



Vol. 19, No. 1 (2007) Inﬂuéncé of Trace *Elemc’nts in Cemented Carbide Production 11

tungsten carbide and binder phase is assumed to be the driving force for this grain
growth'™. : L

Grain growth during sintering of tungsten carbide-cobalt hard metals can occur
in two ways: (1) a uniform increase of the average tungsten carbide crystal size
~ (continuous grain growth); (2) a preferential growth of certain tungsten carbide
~grains (discontinuous or local grain growth).

These growth modes do not compete with each other and may occur
simultaneously. Generally, continuous grain growth should be kept ata minimuim,
whereas discontinuous grain growth should be avoided completely.

Previous investigations indicated that the nature of the raw materials for
tungsten carbide production, such asd tungstic acid (H,;WOy), tungsten oxide
(WO5) or ammonium paratungstate ((NH,),0-2WO0;:5H,0), can influence the
sintering behaviour of the carbidepowdetS". More recent publications refer to the
influence of traces of foreign elements present in the oxide stage on the sintering
behaviour’ %, Controlling grain size and grain size distribution of tungsten
carbide powders used is of utmost iqmportance”’ 12 Discrepancies in literature
may be related to the difficulty of an exact quantitative determination of all
relevant powder parameters. o :

The present paper deals with the origins of discontinuous grain growth
occuring with fine grained tungsten carbide powders (0.6-1.5 um average grain
size). -

EXPERIMENTAL

Table-1 shows the elements, their concentrations and the nature of chemical
compounds that were added. These compounds were added to the blue oxide
either as an aqueous solution or in the case of low solubility, as an aqueous
suspension. The resulting "slurryWas dried and homogenized.

After the addition of the impurities the blue oxide samples were reduced by
hydrogen under technical conditions in a multi-tube pusher-type furnace as
described in literature®. Two sets of conditions, differing in time, temperature and
boat load, were used which would result in tungsten powders of 0.7 or 5.5 pm
under normal industrial production conditions (no dopant added).

Only 1 tube out of 14 of a reduction furnace® was used for the doped material.
The powder was pushed through the furnace in 3 or 4 boats together with boats
of the normal production. In order to avoid mutual contamination by evaporation
of impurities, boats loaded with tungsten powders containing different impurities
were never reduced during the same experiment.

Carburization: Tungsten powders which had been mixed with lampblack
by ball milling for 12 h were carburized in covered graphite boats at 1600°C in
dry hydrogen. The resulting tungsten carbide was deagglomerated for 10 min in
a ball mill and screened (100 pm). ‘

Preparation of cemented carbide samples: Tungsten carbide and 10g
cobalt (wt %) were mixed under cyclohexane in a planetary ball mill for 1 h.
After evaporation of cyclohexané, test specimens (50 x 50 x 5 mm) were pressed
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(20 kN/cm?), pre-sintered in a hydrogen atmosphere for 1 h at 900°C and sintered
under vacuum (5 X 10_4 mbar) at 1430°C for 1 h. ‘

TABLE-1
ELEMENTS ADDED TO BLUE OXIDE

Doping Ct?iizﬁ- Compound' Doping Concgintrat Compound added
element (ppm) adde@ | element (ppm)
Li 200 LioH | Mg 150 Mg(NO3);
Li 100 . LioH | Ca 150 Ca(NOg)
Li 50 LiOH | Ba 200  Ba(NOs3),
Li, B 300, 150 Li;BO; | B 200,150 H3BOs,LisBO3
Na 200 NaOH | Al 200  AINOs)
Na 100 NaOH Si 100,120 SiO;, 12WO3, NaySiO3
‘Na 50 NaOH Sn 100 SnSO,
Na, F 100,80 . NaF | P 100,200 POs 12WOs3 NasPOy
Na, Si 200, 120 Na,Si03 | AS/Sb/Bi Je100  HzAsOy, SbCla, Bi(NOs)
Na,P 140,200 NasPO;, | Ni 100 Ni(NOs);
Na, AL U,F 150, 85,90, 400 NasAiFs | Cu 100 Cu(NO3),
K 200 KOH | Zn 100 Zn(NOs),
K 100 KOH | U 100  UONOs)
K 50 KOH ‘ |
RESULTS AND DISCUSSION

Change in concentration of trace elements during reduction and
~ carburization: The respective concentrations of doping elements in the three
stages (blue oxide, tungsten powder and tungsten carbide powder) are shown in
columns 2, 3 and 4 of Tables 2 and 3. ;

Behaviour of various impurities during reduction of tungsten-blue oxide:
Tungsten blue oxide shows ion exchanger properties when in contact with
chemical compounds dissolved in aqueous solutions. This means that chemical
bondings can exist between polymeric tu‘ngstate species and the ions of the dopant
at the surface of blue oxide particles. Not only cations can be bound due to the
heteropolar character of the polymeric tungstate, but also anions, especially those
which form heteropolytungstate compounds, such as silicates, phosphates or
arsenates. During heating in the reduction furnace to temperatures of between
700° and 1000°C in a hydrogen atmosphere, different reactions were observed.

Elements, totally removed; independently of reduction conditions: Zinc
compounds were reduced to metallic zinc (m.p./b.p. 419/907°C). Sulphur and
halogens were transformed into their respective hydrogen compounds which are
all highly volatile. For these elements the reduction step is also very important
for purification reasons. ‘ ‘
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Elements, partly evaporated, dependent on the reduction conditions:
The evaporation rate depended on the chemical nature of the element and on the
reduction conditions. Metallic potassium and sodium, having boiling points of
760 and 883°C respectively, were more rapidly removed than lithium (1330°C).
The higher the reduction temperature, the higher the degree of evaporation.

Alkali metal tungstates, formed during doping were firstly reduced to low
melting point tungsten bronzes M,0-xWO; 233 which formed molten neck-like
connection between the tungsten grains. Later, during reduction these bronzes
were decOmposed to tungsten and alkali oxide according to eqn. (1).

M,0-xWOj5 E—) M,0 +xW +3xH,0 (M = alkali metals) (1)
The latter reacted as shown ineqn. (2).
xM,0 + W — WO, + 2xM° 2)
Whilé‘Me was partially removed by the Hj-stream, it partially reacted again
with H,O to reform its oxide according to (3).
IM + H,0 —3 MO +H, 3)

Finally, the tungéien suboxide, formed from the bronzes', was also reduced to
tungsten according to (4). ‘

WO, + xH, —> W + xH,0 @)

and thus formed solid tungsten necks between the tungsten grains®. For this reason
alkali-doped blue oxides resulted in highly agglomerated tungsten powders
having comparatively low Scott densities.

The mechanism of volatilization for B, Si, P is not yet completely understood.
It can be assumed, however, that the partial pressure of water vapour is more
important for the evaporation of these elements than is temperature. The higher
the water vapour concentration, the more the equilibrium shifted towards the
oxide side. Contrary to alkali metals, the oxides of these elements are more
volatile than the pure elements. ;

All three elements remained in the tungsten powder under reduction conditions
which gave 0.7 um powders, whereas they partially evaporate under 5.5 pm
conditions. Boron and phosphorus were less stable than silicon. As already
mentioned by Lassner’, heteropolytungstate bondings, as formed with phosphates
and silicates, are extremely stable during the reduction process.

Elements showing mo change in their concentration during blue oxide
reduction: The alkali-earth metals, tin and aluminium, form stable oxides,
which cannot be reduced at temperatures between 700 and 1000°C in the presence
of hydrogen and tungsten. For this reason, magnesium, even though it is a highly
volatile element, did not show any decrease in concentration during the reduction
operation. Metals such as copper and nickel were reduced to the metallic form
and diffused into the tungsten grains to form Solid solutions.

- Change in evaporation rates of impurities due to the mutual interactions:
Distinct interaction influences could be observed with some elements as shown in
Figs. 1 and 2. Fig. 1 shows the rate of evaporation of lithium during reduction for
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D —Discontinuous grain growth .
C —high discontinuous grain growth
D' —high continuous grain growth

TABLE
PROPERTIES OF PURE AND DOPED W-, WC-POWDERS AND WC/10 wt%
FOR WC OF 0.7
Doping elements Grain size (Fisher sub sieve size) |Sintered siructure} Coarse Agglc?(r;;ratxon
‘ ‘ - particles
Concentration | as supplied (um) {lab-milled (m) : ; Cu-
Ele- ——| Gran - S | embedded | W WC
ments|\yo,_, W WC| W WC A6-5| W WC A9-8 gr‘?w
1 2 3 415 6 1 |8 9 10| 11 12 13 14 15
None | — — =— |1.041.92 +0.88(049092 043| p _ - 51 52
Na 200 96 40 {1.60 1.20 -0.4010.88 1.02 0.14 + - 37 15
Na 140 120 <i0
1.70 1.38 -0.32-|0.76:1.26 0.50 c - - 55 7
P 200 150 129 +
Na 200 190 14 :
1.08 1.60 +0.5210.89 1.21 032} - - i8 24
Si 120 140 115 ) + :
Na 100 126 10 , :
1.75 1.61 +0.4640.79 1.20 0.41 C - - 31 26
°F 80 <10 <10
‘Na 150 152 187
Al 8s 88 116 4
1.02 1.21 +0.1910.70 097 0.27} D - - 31 20
U 9 95 97 ‘
F 400 <I0 <10 .
Li 200 220 78{1.75 1.33 042 |1.14 1.31 0.17| D - 35 2
Li 100 146 13 5 L
11.31 1.66 +0.3500.78 1.12 0.34} D - - 41 33
B 150 50 50 , '
K 200 178 1611.15 1.80 +0.6510.811.13 0.32| "¢+ - - 30 37
Mg 150 190 30|0.85 1.54 +0.6910.55 1.09 0.54) C - - 35 29
Ca 150 190 132(1.06 1.06 — ]0.54'094 041 C - - 49 10
Ba 200 = 240 19010.84 1.64 +0.08 {0.551.02 0.47| D+ - - 35 38
B 200 250 5011.30 1.11 -0.19 10.39 0.70 0’.31 D - - 70 37
Al 200 340 16810.88 1.27 +0.59 {0.50.0.70 0.20| D+ - - 27 45
Si 100 100 110[1.19 099 -0.02(0.54 065 0.11| D - - 55 34
P 100 146 121]1.08 144 -0.36 {0.60 0.48 0.38| D+ - - 44 32
Zn 100 <10 <10/0.81 2.10 +‘1.2k9k 0.58 0.85.0.27) D - - 28 60
Cu | 100 100 108]0.89 1.58 +0.89)0.62 1.00 0.38| D - - 30 37
Ni 100 188 118(0.99 2.10 -1.117/0.65 1.00 0.35 + - 34 52
C 100 118 110(1.29 0.89 ~0.40y 0.59 0.62 0.03| D + - 54 30
R.E. 93 82 90(0.83 2.10 +1.27 [0.65 1.15 0.50 + - 22 45
Sn 100 150 <10]1.00 1.44 +0.4410.64 1.12 0.48 - 36 22
As | 100 50 36 ‘
Sb 100 200 150}2.10 1.13 -0.9710.41 0.70 0.29 b - + 80 38
Bi 100 250 250 ‘
Abbreviations: R.E. —Rare earth metals
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2
Co CEMENTED CARBIDES (POWDERS REDUCED UNDER CONDITIONS
um GRAIN SIZE) '

i : : Oxygen
tt densit; TR ,
SC& /mg:gs)l Y Grain size distribution } Carbon content (%) content (ppm)
W (um WC (um) i
W WC B sl Dﬁ,:’) Total Free Bound] W  WC
<05 <10 >20|<05 <10 >02 s
16 17 18 19 , 20 21

58 41 | 72 95 4 | 57 81 7 | -009 611 003 60812420 530
3 3 |18 72 2 |20 72 5 |-003 617 030 587 710 790

37 36 23 30 3 21 70 4 006 6.14 008 6.06 {1460 480
36 42 17 81 4 27 80 4 4001 622 013 6091070 420
-3 39 25 82 4 20 75 5 $0.03 623 0.13 6.10 | 1020 400

34 39 37 84 3 50 85 6 =008 612 005 6.07 1210 770

19 66

56 33 ] 23 72 4 7 =0.05 6.14 016 599 1030 850
38 45 60 90 4 29 80 4 -0.06 - 6.13 005 6.08 1480 430
36 43 28 80 5 27 30 8 -0.02 618 011 607 | 950 490
38 39 66 92 5 34 85 7 172001 619 012 6.07 | 2490 470
37 41 43 87 4 127 31 6 -0.09 6.11 0.09 6.02 1660 610
37 42 65 92 5 45 88 5 006 615 005 6.10}2140 600
55 37 7 92 4 5786 9 —0.18 601 003 5982950 930
46 42 71 92 3 51 .86 8 -0.22 - 601 005 5.95|2720 1440
41 37 60 92 4 36 83 8 | =013 6.07 039 5782540 1390
41 42 65 92 5 1 46 85 9 =006 6.14 006 606 |1710 370
38 46 70 54 4 63 89 9 0,08 ~ 6.13 005 6.08 229 620
B 44 59 90 5 43 87 5 =0.10 611 004 6.07 1910 600
38 44 61 36 2 48 38 7 =0.06 '6.15 007 6.08 |1470 520
39 36 49 90 5 57 88 .7 001 -6.18 1.05 5.13|2119 1880
36 45 46 92 5 24 76 11 -0.05 6.16 005 6.11 | 1500 40
38 42 55 92 4 27 81 9 -004 6.17 008 6.09 | 1720 460
41 38 74 84 11 54 -°80 15 ~0.18 - 6.01 001 6003250 890

C" —high continuous grain growth
Structure” —homogeneous grain size of WC-particles‘in ceamented carbide
Structure” —inhomogeneous grain size of WC-particles in cemented carbide
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TABLE
PROPERT][ES OF PURE AND DOPED W-, WC-POWDERS AND WC/10 wt%
FOR WCOF 5.5
Doping elements Grain size (Fisher sub Sieve size) o E gl w5 “ &
' ‘ B B8l = 09l &
centration lied 1 1ab- il d (um) -g)g "’E g g HE| B o
ied (um) | ‘lab-milled (um) | « wl B i ®
Ele- (ppm) a6 sIpped (1) e %@-g 4 88 3B BT
ments i i . ) 5| E,, ga 8y %g gﬁ%
WO3-x W WC| W WC A6-S| W WC A9-8| &% 55| 56 SE| 8| <%
t | 2 3 4|5 6 7118 9 0} 1 |12 )13 )14 1
Nose | —  —  —|505 550 +0.15{494 093 +0.56| - + | - | £ |218
Na 200 10 40 |1.60 1.20 +0.80/0.50 1.68 +1.50| + - - - | 625
140 16 10 i X
Na 10,00 0.05 +1.05/8.50 0.58 +1.55| - + + - | 556
p 200 58 41 RPN
N 200 64 10 e [ ‘
2 ‘ 11.00 10.20 <1.30{10.65 2.80 -0.46] + - £ - | 739
Si 130 100 20 : :
N 100 10 10 L
a " 111.00 10.20 <0.80{10.00 2.92 -0.20] * - + - 1909
F 80 <10 <10 B
Na |/150 152 18
Al 85 90 164 , ‘
10.00 10.25 +0.25{9.15 240 +1.15| = + - ~ | 850
U 9% 75 80 o
F 400 <10 <10 1 :
Li 200 154 <10 |16.50 13.45 -3.05/15.30 2.55 -1.85| + + - - 7127
Li 100 146 <10 e S
20.00 10.70 =9.30]16.65 2.31 =595| + - - - 1675
B 150 5 5 ‘ I
K 200 <10 <10 |10.90 9.70 =1.20{10.25 2.90 -0.55] + - - - 1596
Mg | 150 180 <10 | 473 5.50 +0.77| 450 3.30 +1.00| * - - + 11540
Ca 150 220 45| 4.40 5.30 40.90|4.30 3.05 +1.00] - + - - 221
Ba 200 240 30 |5.30 5.80 +0.50|525 3.40 4065 * - + + 1090
B 200 20 25|40 5.00 +0.30|430 2.64 +0.70| - + + - | 851
Al 200 224 204|445 4.89 +0.54|420 3.18 +0.79] - + + - | 562
Si 100 72 98 |4.45 485 +0.02]420 259 +0.65| - + - - 1562
P 100 3331|520 540 +0.02|5.10 401 +030| % - - | + |19
Zn 100 <10 <10 }5.10 $.83 +0.83|4.90 3.75 +093| + + + + | 577
Cu 100 140 44 |5.50 481 -0.67|543 3.48 060 - - + | 127
Ni 100 128 110 |5.60 5.30 -0.30]|4.40 330 +090| - - - + | 214
C 100 80 451500 560 +0.60|4.80 2.82 +0.70| - + - - 1200
RE. | 100 73 90|1.10 4.83 +0.28|4.55 3.08 +0.33| + - - + | 109
Sn 100 100 10 |6.20. 6.38 +0.28]590 3.05 4048 + + - + | 484
As 100 50 36 : :
'Sb 100 150 150 |1.35 4.20 +0.25|3.50 2.69 +0.70 + + - + |11.39
Bi 100 250 25 ‘ ‘

Abbreviations: R.E. —Rare earth metals

Column-1:

Column-2: + = homogeneous;

+=large  * = medium; —=

small

= = heterogeneous
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-3 ‘ ; ’ :
Co CEMENTED CARBIDES (POWDERS REDUCED UNDER CONDITIONS
* pm GRAIN SIZE)

Scott density L T w Oxygen
(gfinch®) Grainsize dlsmbutlon : ~ Carbon content (%) content (ppm) .g
: ’ L g
’ W (um) SWC(m) | pig ; ‘g
W WC —— DIt 10 ol Free Bound) W WC 2
<05 05-10] 2.0 10-20 >15 | 2T ' S
16 17 18 19 S S 20 21

47 63 18 3 33 2 0 =0.01 614 002 612|140 120 Ix
58 94 i 50 21 18 4 20.03 612 005 607| 9% 50 | 2x

s 88 | 0 35 {20 28 0 | -001 614 003 611|120 80| Ix
55 o6 | oo 43 |23 10 1 |-006 612 002 610|250 85 | Ix

29 18 13 2 | 006 612 002 610 70 75 Ix

o

54 93

52 91 2 36 22 - 47 4 1.0 6:.15 005 6.104{ 270 70 2x

66 115 0 51 28 | <009 - 6.18 0.11 505 | 480 100 | 3x

12 4

67 118 | 0 43 | 24 25 12 | =012 607 039 568|250 80 | Ix
52 91 4 41 125 8 1 | -010 611 002 509| 70 90| 1x
40 60 | I5 2 1 28 0 0 | 005 513 001 612230 130 | Ix
43 57 | 18 0o | 28 10 {-005 611 002 609|180 180 | Ix
4 60 | 11 5 | 24 3 1| <006 6i2 004 610|160 120 | Ix
4 65 | 2 5 |4 3 0 0 616 004 612130 160 | Ix
s 59 |20 3 {2 3 1 | -004 612 004 608|330 190 | Ix
54 671 | 19 4 | 32 2 1 {001 615 003 612|400 150 | Ix
40 58 8 8 | 18 2 0 | =005 613 001 612|130 130 | 1x
41 62 | 10 4 | 24 0 0 | 004 614 001 613|120 120 | Ix
4 63| 8 8 |22 3 1 |-006 612 001 611|160 130 | ix
40 57 | 15 9 |31 1 0 | -004 611 003 608|280 170 | Ix
0 60 |11 16 |25 2 0 005 612 001 611|140 130 | Ix
43 66 | 14 0|20 1 0 |-005 613 001 612|180 160 | Ix
47 69 | 11 12 | 24 5 0 | -005 611 001 610|100 130 | Ix
5153 | 30 30| 44 1 003 613 002 611330 19 | Ix

Column-3; . + = horhogené(‘)us;k, ~= hetex‘ogenédus

Column-4: -~ Crystal size of sintered WC-paiticles compared to grain size of WC-powders:
+ = large; —=small - '
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' two different lithium compounds namely LiOH and Li;BO;. While lithium borate
dopant enhanced the stability of lithium to an extent that practically no Li-evapora-
tion occurred, Li added as LiOH led to decrease in concentration of between 40 and
60% during 3 and 11 pm reduction conditions. Similar differences were found for

Cq2d

A
e

[
(=4
3

&8
i

%

A Doped as LiOH
O Doped as Li,BO,

Reduction conditions for grain size {um]
<]
i

0 20 40 60 80 100
% Volatilization

Fig. 1. Dependence of Li-evaporation rate on reducing conditions (starting concentration 100

ppm Na)
12 ;P B
§ 10
Ex
%]
£
£ ,
B
2 :
2 6
o
&~
8
_5 L & Doped as NaOH
g o Doped as NaSi03
‘D N
&
2
0 L e :
0 200 &0 60 80 100

- %Volatilisation

Fig. 2. (a) Dependence of Na-egvaporation rate on reducing conditions (starting concentration

200 ppm Na)
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sodium when doped as hydroxide or silicate respectively (Fig. 2) —sodium silicate
being more stable than NaOH.

Increases of trace impurity, concentration during blue oxide reduction:
Normally, an uptake of foreign elements should only be expected by diffusion of
elements from the boat material into the tungsten powder. This reaction always
takes place in certain time and temperature conditions and will not be dealt with
here. ;

As shown above, sodium is rather volatile during reduction and sodium
concentrations of some ppm are a usual contamination even for high purity
tungsten oxide grades. During industrial tungsten reduction, excess hydrogen is
applied and recirculated through different tubes of the furnace. For technical
conditions leading to fine grain size tungsten powders of 0.5-1.5 pm, an increase
in the sodium concentration was observed. The only possible explanation of this
is that sodium is carried by the hydrogen stream from furnace chambers where
finer W-powders at lower temperatures are produced. No explanation regarding
the nature of the sodium compound being transported can be given at present.

Another contamination of fine tungsten powders was observed with carbon.
Furthermore, seasonal dependence—in winter it was higher than in April or June
was observed (Fig. 2b). The recirculated hydrogen passes a water seal supplied
with river water. The carbon dioxide concentration in this water depends on the
season due to the temperature-dependence of carbon dioxide solubility. Higher
solubility of carbon dioxide in cold water during winter thus results in a higher
concentration of carbon dioxide in hydrogen and causes an increase of carbon in
fine tungsten powders. ' ~

JUNE

o L 20 30 40 %0 60 J0 80 90

] 0
gom € b i

Fig.2. (b) Seasonal dependence of the carbon content of 1 um W-powder

Carbon diffusion rate: It is well known that even under constant carburizing
conditions, differences in carbon diffusion velocity from one batch to the next
sometimes occurred. In certain cases, an unusually high content of free carbon
was found. ; B ‘

Our experiments revealed alkali metais to be responsible for a distinct retarding
effect on carbon diffusion into the tungsten or tungsten carbide grains. This effect
is concentration dependent. Other elements reacting with alkali metals like boron,
silicon or phosphorus decrease this effect considerably, e.g., 10 pm sodium in
tungsten powder (200 ppm added to blue oxide as sodium hydroxide) gave a free
carbon content of 0.13% whereas 64 ppm sodium in the presence of 100 ppm
silicon (doped as sodium silicate) showed only 0.04% free carbon. 24 ppm lithium
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(50 ppm doped as lithium hydroxide) showd 0.22% free carbon. Here also, as
mentioned above, monoatomic carbide layers at the tungsten-gas-interface can be
assumed to be responsible for this effect.

Influence of trace elements on tungsten carbide-grain growth during
sintering of cemented carbide

Behaviour of fine tungsten carbide powders: Semi-quantitative results of
metallographic examination of WC-grain growth during sintering of tungsten
carbide 10% Co cemented carbide samples are shown in Columns 11 and 12 of
Table-2. Doping elements can influence continuous and discontinuous grain
growth of tungsten carbide crystals during liquid phase sintering. An effect of
impurities on the tungsten carbide-grain growth during liquid phase sintering is
much greater than the influence of the small variation in grain size and grain size
distribution existing between different tungsten carbide powders: (1) A grain
growth inhibiting influence could be observed with alkali metals, nickel, uranium

and tin additions. (2) Fairly homogeneous structures were found when sodium
hydroxide or sodium silicate dopings used. (3) Discontinuous or excessive local
grain growth was originated by barium, aluminium, silicon, boron, phosphorus,
zinc, copper and a combination of arsenic/antimony/bismuth.

It is interesting to note that alkali metals in concentrations of 10-50 ppm cause
similar effects as those described earlier for carburization kinetics, as these
elements also reduce the rate of tungsten carbide-grain growth during liquid phase
sintering. , ‘

Discontinuous or excessive local grain growth always seems to be related to
the presence of large polycrystalline tungsten carbide-agglomerates ranging
between 10 and 80 um. These particles, called pseudomorphous, originate from
APT-crystals, or fragments thereof, which survive all the process steps from
reduction to carburization (Figs. 3-6). They act, as known from large tungsten

"Fig.3. 5 um tungsten pow- Fig. 4. Growthsteps on tung- Fig. 5. Al-doped 2.2 pum tung-
der, showing well developed sten - crystal faces (SEM sten powder seen with SEM
low index cubic crystals (SEM - x6000) B
x3000) C

carbide-particle additions during sintering, as seed crystals (columns 13-16 in
Table-2) which, due to Ostwald ripening; become growth centres for compara-
tively rapid tungsten carbide-grain growth.

In particular, powders containing phosphorus, boron, aluminium, silicon or



. Vol. 19, No. 1 (2007) Influence of Trace Elements in Cemented Carbide Production 21

arsenic/antimony/bismuth showed such excessive local grain growth. These
tungsten carbide powder grades also showed extraordinarily high concentrations
of the above mentioned coarse pseudomorphous particles (column 13 in Table-2).
Some typical examples of micro-structures are given in Figs. 6-10.

Fig. 6. Microstructure WC + Fig.7. Microstructore WC+ - Fig. 8. Microstructure WC +
10% wt Co (without doping)  10% wtCo:200ppmNaadded 10% wt Co: sodium silicate
. to blue oxide, more uniform doped, confinnous  grain
structure than undoped by growth caused by Si
grain growth inhibiting effect
of Na. '

Fig. 9. Microstructure WC+10% wt  Fig. 10.  Microstracture WC+ 1% wt
Co: Al-coped, discontinuous and contin- Co: p-doped, discontinuous grain growth
uous grain growth : ‘

This leads furthermore to the conclusion that certain dopants cannot be
~distributed homogeneously when mixed with blue oxide. They are possibly
enriched in some distinct particles and thus cause the stability of the
pseudomorphous particles. So far we do not have any other explanation. Direct
experimental proof of such local increases in doping elerment concentrations by
micro-probe techniques cannot be made due to the relatively low sensitivity of
X-ray detection devices in a heavy element matrix like tungsten.
Behaviour of coarse tungsten carbide powders and influence of impurities:
- Although all the tungsten powders were prepared under the same reduction
~conditions which normally lead without dopants to a 5.5 um tungsten powder.
- Table-3 shows that all the alkali metal doped samples, due to the grain growth
enhancing effect of these metals during reduction, resulted in much coarser
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tungsten carbide grades of about 1515 pm. All the other powders were around 5.5
~ pm as expected. St ’ ‘
Tungsten powders doped with boron, aluminium (Fig. 11) or uranium showed
much smaller tungsten carbide crystal sizes after carburization than undoped
tungsten powder of the same size (Fig. 12). On the contrary, the elements magne-
sium, zinc, phosphorus (Fig. 13) and tin enhanced the single crystalline tungsten
carbide grain size in cemented carbides.

Fig. 11. SEM micrograph of Al-doped coafseftungStcn carbide and corresponding tungsten Q
carbide + 10% wt Co microstructure ‘

Fig. 12. SEM micrograph of undoped coarse tuﬁgSten carbide and corresponding tungsten
carbide + 10% wt Co microstructure

Fig. 13. SEM micrograph of p-doped coarse tungsten
carbide + 10% wt Co microstructure
Comparing columns 11 and 14 in Table-3, a relationship can be seen between

the size of single crystalline'domains,of tungsten carbide particles and the
tungsten carbide grain size in the sintered structure.

carbide and corresponding tungsten
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(a) The smaller the single crystalline domains in the tungsten carbide powders,
the less tungsten carbide grain growth observed during liquid phase
sintering.

(b) Tungsten carbide powder having single crystalline domains which were
different in size resulted in a more non-uniform grain size distribution
after sintering. : : ‘

The following example shows that all this is really a consequence of the minute
amount of dopants added to the blue oxide. Figs. 14 and 15 show tungsten carbide
powders doped with 200 and 50 ppm lithium respectively and the corresponding
structure of tungsten carbide-10% Co samples after sintering. In the tungsten
carbide powder stage the respective lithium concentrations were still measurable
and distinguishable by analytical methods (154 and 24 ppm). After carburization,
however, the lithium concentration was below the analytical determination limit
of 10 ppm in both cases. : : '

- ! “:__
Fig. 14. SEM microgr
tungsten carbide + 10% wt Co microstructure

ot o g

i

Fig. 15. SEM micrograph of 50 ppm Li-doped tungsten carbide a
tungsten carbide + 10% wt Co microstructure

nd corresponding

It is clear from the different single crystalline sizes in the tungsten carbide
powder stage and the differences in the micro structure of tungsten carbide/Co
after sintering, that there must be a difference in the lithium concentration between
the two samples and, consequently, lithium concentrations as low as less than 10
ppm still have an effect on the tungsten carbide-grain growth during liquid phase
sintering. A possible explanation for the effectiveness of such small amounts
would be that mono-atomic layers exist at the interphase tungsten carbide/liquid
cobalt which block there the transfer mechanism of tungsten and carbon atoms.
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Effects of trace elements on some technological properties of tungsten and
tungsten carbide powders

Tungsten powder: Due to the influence of traces of foreign elements on
reduction kinetics, the characteristics of the resulting tungsten powders are also
changed. These changes in powder properties will cause variations in compacting
and sintering behaviour due to the changes in technologic al properties such as green
density and green strength of compacts and shrinkage during sintering. These
properties are of great and direct importance for solid state and liquid phase
 sintering as applied in the production of ductile tungsten or heavy metal materials’.

Although tungsten powder is only an intermediate in cemented carbide produc-
tion, tungsten powder properties nevertheless partly influence the quality of the
corresponding tungsten carbide powder, thus influencing the sintering behaviour
and the properties of cemented carbides, too. - |

Agglomeration and strength of agglomerates (Column 14 in Table-2, Column
15 in Table-3): The degree of agglomeration is defined as difference between the
average grain size as supplied and the average grain size after deagglomeration
expressed in per cent of the as supplied value. Fig. 16 shows the usual dependence
of this difference on the grain size as supplied. It is between 7 and 10%. Foreign
elements, doped into blue oxide or already present therein, can influence the degree
of agglomeration remarkably.

- FSSS-KG [pml

Fig. 16. Dependence: of agglomeration on as-supplied grain size

Typical elements which increase the degree of agglomeration and originate
connections of high stren%th between tungten crystallites, are the alkali metals. It is
known from literature® > that during reduction of alkali tungstates, tungsten
bronzes, having a reduced oxygen content, are formed as intermediates. Their
melting points lie in the range of the reduction temperatures.

Tungsten-particles were first soldered together by these molten bronzes formed
at their surface. During the later stages of tungsten reduction, these bronzes are
decomposed and completely reduced by hydrogen to metallic tungsten and
connections of high strengths are thus formed and remain. They cannot be
destroyed by usual blending operations. The high coherence is probably due to
formation of neck-like tungsten connections between tungsten crystallites as
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shown in Figs. 17 and 18. As seen from these figures, it proves the above
assumption that molten areas on surfaces exist, because typical shrinkage cracks
developed

Fig.17. Tungsten-powder reduced from Fig. 18. Tungsten-powder reduced from

200 ppm Na-doped blue oxide seen with 200 ppm Li-doped blue oxide seen with
“SEM SEM

An example of a typical element decreasing the degree of agglomeration is
aluminium. This can already be observed on sub-micron tungsten powders by
comparison of undoped and aluminium-doped samples (Figs. 19 and 20). For larger
grain size tungsten powders, this effect is even more pronounced (Figs. 6 and 7),
where existing connections between tungsten grains are loose. As known from the
.32 aluminium hinders the formation of tungsten bronzes. Therefore,
‘high strength connections between tungsten particles as described above do not
develop, even in the prcsence of smaH amounts of alkahne metals

Fig. 19. Submicron tungsten powder of Fig.-20. ‘Al-doped submicron tungsten

high purity (0.55 pm) seen with SEM- ~ powder seen with SEM (0.5 pmn)

Scott density: Tungsten powders always show a certain degree of agglo-
‘meration due to the CVT-reaction responsible for grain growth. As with all other
metal powders, there exists a linear relationship between grain size and Scott
density for tungsten too. Any unusual degree of agglomeration influences this
- relationship. According to the foregoing discussions, alkali metal-doped samples
should result in a tungsten powder having lower Scott density whereas aluminium-
doped powders should show higher Scott density than normal tungsten powder.
Column 16 in Tables 2 and 3 proves this statement.

Grain size distribution: In principle, the blue oxide powder layer height in
the reduction boat is closely linked to the tungsten grain size as well as for the grain
size distribution. As discussed in the earlier section dealing with the behaviour of
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various impurities during reduction of tungsten blue oxide, water vapour concentra-
tion within the powder layer regulates the grain growth. This concentration is
always lower at the surface of the powder layer due to the hydrogen gas stream
passing over the boat. The water vapour concentration increases steadily from the
surface to the bottom where it is at its maximum. The residence time of the water
will also be longer at the bottom than at the surface. The water vapour concentration
gradient in combination with the prolonged reaction time will correspondingly
provoke a certain spread in the tungsten powder grain size (column 18 in Tables 2
and 3). This means in practice that the hi gher the powder layer, the broader the grain
size distribution.

Thus, foreign elements may only influence grain size distribution on elements
enhancmg grain growth. In the presence of such substances the powder layer height
has to be reduced—in comparison with undoped oxide—in order to obtain the
desired grain size under otherwise equal reaction conditions. This opens up a
possibility of producing tungsten powder having closer grain size distributions at
comparable average grain size. :

Tungsten carbide powders; The properties of tungsten carbide powders
depend to a large extent on the properties of their eorrespondmg tungsten powders
and, of course, on the ¢arburization conditions.

Agglomeration: Theoretically, agglomeration of tungsten carbide particles is
originated by strong connections which already exist between tungsten particles
and which can survive carburization.

At surfaces (high temperature carburized tungsten having large single crystal-
line domains) a more homogeneous coarse cemented carbide structure results. The
higher the amount of surfaces originally covered with impurities and the amount of
grain boundary fracture surfaces (high amount of impurities causing small single
crystalline domains) is, the more heterogeneous the sintered cemented carbide
structure will be.

Itis clear that not only the mxcrostructure is influenced by such impurities, it can

“be reasonably expected that the fine grain boundary strength of sintered samples
will be influenced by impurities present at the interface. Again, further experiments
are needed to confirm this opinion.
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