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ABSTRACT

Purpose: It has been demonstrated in the paper structure and properties of tool gradient materials manufactured
by powder metallurgy on the basis of cobalt.

Design/methodology/approach: Light microscope, SEM, image analysis, microhardness tests, density
examination.

Findings: Basing on the investigations of the cemented carbides reinforced with deffrerent ceramics particles
fabricated it was found of that density of sintered samples depend on reinforced particles, temperatures and
atmosphere of sintering. Increasing of sintering temperature increase the density of sintering samples. Moreover
the sintering under vaccum atmosphere produce samples with higher quality than using argon atmosphere and
prevent of surface oxidation during sintering.

Practical implications: The Powder Metallurgy gives the possibility to manufacturing tools gradient materials
on the basis of cobalt which characterised very high hardness on the surface.

Originality/value: In the paper the manufacturing of tool gradient materials on basis of cobalt reinforced with
hard ceramics particles carried out in order to improve the tool cutting properties.
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compared to tool ceramics sintered in solid phase. It is a fact that
the sintering temperature of the high-speed steels does not exceed
1300°C [3-5]. However, the narrow sintering window of about

1. Introduction

Sintered carbides introduced in twenties of XX century by

Krupp concern have the longest history as the sintered tool
materials. Continued investigations and search for new, better tool
materials, carried out by research centres dealing with tool
materials have caused that structure and properties of sintered
carbides have changed diametrically during these more than 80
years. Their high abrasion wear resistance and relatively low price
compared to other tool materials have made sintered carbides
most popular in this material group. The idea proposed by K.
Schréter to use cobalt as metal binding the hard WC phases is
very interesting from technological point of view, and especially
its sintering process [1, 2]. Sintering with the liquid phase,
accompanying fabricating sintered carbides with cobalt matrix,
may be carried out at lower temperatures, i.e., at about 1450°C,
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5°C, depending on steel grade, calls for using accurate heating
equipment [6-8]. Moreover, hardness and wear abrasion
resistance of these materials is lower compared to sintered
carbides. The concept of the toollyly graded materials - FGM,
pertaining to materials in which structure and properties change
gradually, continuously or in a discreet way (stepwise) along with
the location in it, was developed theoretically in 1972 by Bever
and associated [9, 10], however it was expatiated only after 15
years within the framework of a research project started in Japan,
when various methods were developed to fabricate such materials
[11-16]. The goal of this project is to use the hard ceramic
particles and investigate the effect of their portion on structure
and properties the gradient cobalt based tool materials.
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2. Vlaterials and methods

The classical powder metallurgy, i.e., the one-side uniaxial
compacting was employed for fabricating the gradient materials.
Cobalt powder shown in Figure 1a with the average grain size of up
to 1.5 pm was used as the substrate. The fine-grained tungsten carbide
with the grain size of 0.85 pm and the coarse grained one with the
grain size of 0.50um, shown in the Figures 1b and lc, were used as
hard reinforcing phases.

Carbides and cobalt powders were mixed for an hour and next
formed in a die. Powder mixes were prepared with different cobalt
portions in relation to the WC carbide and with different WC carbide
grain sizes for compacting the prepregs with gradient structure. Table
1 presents the detailed information on powder types and their portions
in particular gradient materials. About 2% mass portion of paraffin
was added to increase the tungsten carbide portion and formability of
the powder mix. The maximum portion of particles reinforcing the
cobalt matrix was selected experimentally based on forming criterion.
This consisted in compaction examining the prepreg with the unaided
eye. Defects in the form of cracks or damaged prepreg corners
eliminated the possibility to use the mix with such high portion of the
reinforcing powder. The reinforcing phases’ portion was lowered
next, up to the value making forming the prepregs possible with no
surface defects. Powder mixes were weighed and were poured into
the die one by one. To form the gradient material the die was filled
with six layers successively with the increasing portions of
reinforcing phases, levelling each time the surfaces of layers being
about 1 mm thick. The first (bottom) layer is the powder mix with the
maximum cobalt content. The layer with the maximum portion of the
WC reinforcing particles, with poor flow was poured as the last one,
using the maximum compacting pressure during the unilateral
forming, in the zone directly under the pressing stamp. All layers of
the gradient material were compacted simultaneously under the
pressure of 700 MPa. Prepregs were sintered at temperature of
1450°C in vacuum for 1 h. The sintered prepregs’ density
measurements were made using the Archimedes method basing on
the product mass and the apparent loss of mass during immersion in
water according to standard. Moreover, the measurement of the
surface pores portion was made with the image analysis method on
the Leica type light microscope. Because of the lack of clear
boundaries between the gradient materials layer after sintering, the
specimens were examined in three areas, i.e., in the upper layer, reach
in carbide phase, in the middle one, and in the bottom one with the
maximum cobalt content. Portion of pores was examined in 10 areas
of each layer of the gradient material and its average value and
standard deviation were calculated. Hardness tests of the sintered test
pieces were made with the Vickers method on Wilson Wolpert 401
MVD Microvickers device with the load of 5 N.

3. Results

It was found out based on compacting tests of WC carbides
powders mix with grain size of 50um and cobalt in the uniaxial
unilateral die that the maximum portion of the WC carbide in the
powders mix that can be compacted is 85%. Adding about 2% of
the mass portion of paraffin increases significantly formability of
powders mix and makes it possible to increase the WC portion by
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10%. In case of the WC carbide with the grain size of 0.85um,
addition of paraffin makes it possible to increase the WC carbide
portion by 7%. Addition of paraffin as a lubricant lowers friction
significantly between powder particles and between the powder
and the die.
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Fig. 1. Powder of cobalt a) WC 0,85um b) WC 50um c)
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Table 1.
Type and portion of powders used to manufacturing of TGM

Number of sample

Number of I I nr v° VP
layer - -
Mass portion of powder in every layers*, %

WC Co WC Co WC Co WC Co WC Co
1 93 5 95 3 97 1 93 5 95 3
2 88 10 93 5 96 2 88 10 93 5
3 78 20 88 10 95 78 20 88 10
4 68 30 83 15 93 5 68 30 83 15
5 58 40 78 20 88 10 58 40 78 20
6 48 50 - - 83 15 48 50 - -

*In every case added 2% of paraffin wax
% Grain size of tungsten carbides (WC — 0,8511m)
® Grain size of tungsten carbides WC — 0,50pm

This makes it possible to decrease the compacting pressure which
is important because of lowering the stresses in the prepreg. Stresses
are often the cause of cracks and defects during demoulding.
Moreover, paraffin makes demoulding easier and decreases the
density difference between areas of green compact. Porosity
examined with image analysis method on the light microscope in
areas with the lowest and highest density, of the compacted cobalt
powder, was 6.5 and 7.9% respectively. Distribution of pores portion
in the prepreg formed from cobalt powder under a pressure of 500
MPa. Density values of gradient materials, depending on the
employed carbide powders after compacting and sintering are shown
in Table 2. Density of gradient materials is dependant on the extent of
compaction during sintering, but also in cobalt and WC carbide
portions, whose density values are 8.8 and 15.5g/cm’ respectively.
Therefore, gradient materials with the higher cobalt portion,
regardless of the extent of compaction during sintering will have
lower density compared to materials with a lower cobalt portion.
Therefore, density measurement does not provide complete
information about the extent of compaction of the gradient materials.
Examination of the test pieces porosity made on the light microscope
may yield more information about consolidation of the material
during sintering; this way we can determine the portion of pores in the
particular layer of gradient materials. Test pieces shape was deformed
significantly in the sintering process, as shown in Fig. 2 connected
with the bigger contraction of the cobalt rich layer and lower
contraction the layer with the high carbide portion.

Fig. 2. View of sintered sample number I
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The excessive cobalt portion, reaching up to 50% in the lower
layer, may even lead to visible partial melting and to the necessity
to lower the sintering temperature. A lower temperature will not
ensure, on the other hand, the relevant compaction of the upper
layer with the high WC content. Moreover, carbides grain size
also affects contraction. Test pieces with carbides of the size of
50um were subjected to smaller contraction than those with the
grain size of 0.85um. Regrettably, gradient test pieces with the
coarser grain demonstrate big porosity. Bigger shape deformation
was observed in materials in which carbide was used with grain
size of 0.85um and in which the WC phase portion difference
between the upper and bottom layer was higher and was 45%; this
deformation consisted in bending the prepreg in the direction to
the lower layer in case of the smaller carbide portion difference
value of 17% this prepreg bending was not that big. Test pieces in
which coarse grained carbides were used, i.e., 50um were
characteristic of higher porosity especially in surface layers with
the high carbide content. Portion of pores was more than 10% and
reached about 30% in certain places, which disqualifies this
material as the tool material. This is caused by the big grain size
difference between the WC — about 50pm, and cobalt — 1.5um.
Such big imbalance of the powders grain sizes reduced the
possibility of obtaining the homogeneous mix and made
thickening of the prepreg more difficult during sintering. Also in
test pieces in which the WC carbide with 0.85um grain size was
used occurrence of single big pores was revealed; however they
did occurred at certain locations only and did not feature the big
percentage. This is undoubtedly the effect of bad preparation of
the powder mix, mostly paraffin, which makes local
agglomeration, is subjected to degradation during heating to
sintering temperature and created a big pore, which is not
compacted during sintering. The results of pore portion
measurement are presented in Table 2. The high porosity of test
pieces with the WC carbide with the grain size of 50um made it
impossible to make hardness tests of these materials. Areas
making hardness test possible occur locally, and their hardness is
about 850 HV.
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Table 2.
Density and porosity of sintered gradient materials
Number of sample I I 111 v A%

Density, g/cm’ 13.8 144 143 97 9.5

Layer 1 1.4 9.3 1.48 17.9 36.9

Por;:ity, Layer2 01 55 122 152 228

Layer 3 0.29 4.8 0.71 10.15  18.35

The maximum hardness values of the surface layers of all
gradient materials for which the WC powder was used with the
grain size of 0.85um. The cobalt portion increase in the surface
layer reduces its hardness from about 1600HV for the test piece
with the maximum WC portion (97%) to about 1000HV for the
one with the carbide portion of 93%. Structure examinations on
the scanning microscope and analysis of the surface distribution
in the micro-areas have revealed that the most homogeneous
structure is characteristic for gradient materials reinforced with
tungsten carbide with the grain size of 0.85um.

4.Conclusions

It was demonstrated in the paper that in gradient materials
formed from layers with the increasing portions of the reinforcing
phases no delaminations occur in the cobalt matrix and there are
no clear boundaries between the particular layers compacted in
the die in the sintered state.

The essential information for further investigation of the
gradient materials is that the big imbalance of the hard carbide
phases between the upper wear resistant layer and the lower one
with high impact strength results in deformation of the carbides’
shape during their free sintering. The only feasible solution of this
problem is the hot isostatic sintering, which, however, rises
significantly the manufacturing cost of this type of tools.

Gradient materials in which the WC carbide grains were used
with the size of 0.85um are characteristic for their low porosity and
high hardness. The maximum hardness of the abrasion wear resistant
upper layer, which reaches about 1600HV is higher than hardness of
the commercially available carbides of the K20, K30 or B25 types,
and comparable with hardness of the commercially available carbides
of the K10 and P10 types. The TiC carbide was used in addition in the
last one, which was not used in gradient materials.
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