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Abstract

Binder-phase modification was performed by annealing of coarse-grained WC-15%Co hardmetal
grades used for rock-drilling, mining and road construction. Technically applicable, short annealing
cycles were applied to low-C hardmetals in order to cause precipitation of intermetallic phases in the
Co binder. Detailed TEM investigations showed that the precipitations consist of Co;W (at higher
annealing temperatures) or closely-related precursors thereof (at lower annealing temperatures). The
presence of the Cos;W phase was also confirmed by XRD and a Rietveld analysis yielded an amount
of 0.5% wt%. The hardmetals were further characterised by SEM, Vickers hardness (HV30), coercive
force (H;) and magnetic saturation measurements, bending strength (TRS) and erosive mass loss. H,
increased upon precipitation of intermetallic phases whereas the WC grain size remained unchanged.
For moderate annealing conditions of a short period at low temperatures TRS and hardness remained
unchanged but the erosive resistance increased by ~12%.

1. Introduction

As tool materials, coarse-grained hardmetals are widely used for rock-drilling, mining and road
construction. They combine high toughness with high impact resistance. The lifetime of such tools is
determined by wear. Therefore, the aim is to reduce the mass los. An idea to achieve this goal is the
strengthening of the hardmetal binder.

Between the 1960s and 1980s extensive investigations on the mechanism of the precipitation of
intermetallic phases from W-supersaturated Co binder in model alloys [1,2] and hardmetals [3-6] were
conducted by annealing experiments of up to 500 h. Depending on the annealing temperature different
shapes of these precipitations, not all of which could be characterised structurally, were reported [5]:
coherent precipitations of @ =3 -5nm are formed at 550 — 600°C, coherent precipitations of
@ =15 nm, partially grown to lamellae at 650°C; coherent precipitations (<& =30 nm) in form of
lamellae, plates and Cos;W form at 700°C, and at 750°C lamellae and plate-shaped Co;W.

Jonsson [1,3,4] investigated the behaviour of WC-Co hardmetals with 11 wt% and 25 wt% Co,
respectively, during heat-treatment at 650°C [3] and 950°C [4]. After sintering, the Co binder contained
about 6 wt% W as supersaturated solid solution. TEM investigations showed that a highly dispersed
coherent metastable o’-phase (ordered structure of the fcc Co) forms during annealing at 650°C (dwell
time 165 h) in the fcc Co binder. By XRD the presence of this a’-phase could not be demonstrated. In
hardmetals annealed significantly longer than 160 h Coz;W was, however, detected by XRD. Hcp Co
and CosW should have formed, but were not be observed by SEM or TEM. g-Co predominates in the
binder at a low carbon content [1] and thus it was assumed [3,4] that a high carbon content inhibits the
formation of e-Co and CosW.
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Grewe [6] found that the hardness as well as the coercivity had a maximum during annealing, whereas
the maximum of the coercivity occurred always at shorter annealing times than that maximum of
hardness. At the annealing time of either maximum no Co;W was formed. In both cases substructures
which can be considered as precursors of CozW are responsible for the increase. Because the
coercivity is sensitive to minimal changes in the substructures and the hardness to coarsened
substructures the maxima are separated from to each other. Metal-cutting wear tests show that an
annealing process at 650°C for 100 h or 200 h, respectively, can decrease the flank wear and crater
wear by about 20 — 25% [6,7]. In case of toughness no improvement was achieved [8].

Tillwick and Joffe [9] described precipitation, aging and redissolution processes in a hardmetal grade
with 25 wt% Co by observing changes in saturation magnetisation (0s). At ageing at 1000°C oOs
decreased. From that they have concluded that W and carbon dissolved in the binder (in the WC/Co
system os decreases linearly with increasing W content in the Co binder [10]). The solubility of W and
C in the binder increases with increasing temperature. The W solubility is 27wt% at 1000°C and
12 wt% at 700°C, the C solubility at 1000°C is 1.6 wt% C, while at 700°C it is almost zero. If after
aging at 1000°C a second aging at 700°C was performed the supersaturated solid solution
precipitated CosW and saturation magnetisation leaped up. A further aging at 1000°C led again to
decreasing of o, i.e. the process was observed to be reversible. It was expected that the precipitation
of CosW might take place at the interfaces between WC and Co but it could not detected by
microscopic observations nor by XRD [9].

Freytag et al. [11] investigated WC-Co hardmetals by magnetic measurements at different carbon
contents. Upon comparison with data of [9] they realised that the insertion of W in non-ferromagnetic
CosW reduces the magnetic saturation not as strong as W dissolved in Co. Hence, they concluded
that a part of W had to form an intermetallic paramagnetic phase Cos;W.

In the binary Co-W system, hexagonal Co is in equilibrium with CozW at low temperatures and has
little solubility for W [12]. For Co-W alloys, Carvalho et al. [13] described a continuous, displacive
Widmannstatten-type precipitation of CosW in supersaturated fcc Co via hcp Co, as well as a
peritectoid formation from supersaturated fcc Co + Co;Ws at 1093°C. If carbon is added to Co-W, it
stabilises fcc Co so no hexagonal phase exists and no Coz;W forms in C-Co-W alloys at high carbon
level.

Generally, the formation of intermetallic phases in hardmetals decreases their TRS [3,14] and
increases the hardness of the binder phase [14]. Latest investigations published by Konyashin et al.
[15] proved the existence of CosW nano-sized needles (10 — 40 nm) in WC-10 wt%Co hardmetals and
low carbon content (5.75 wt% C) annealed at 800°C for 20 h. HRTEM investigations show that these
needles are embedded in hcp Co (e-Co). The phases CosW and -Co were well aligned to each other.
Compared to unannealed samples the hardness increased by 10% whereas the TRS and the fracture
toughness decreased by about 15% and 25%, caused by the embrittled binder. They also investigated
samples with medium carbon content (6 wt%) annealed at 600°C for 10 h with TEM and found
extremely fine nanoparticles (3 nm) with the CusAu structure type, embedded in fcc Co. Because of
the small size the chemical composition could not be analysed. This metastable phase is fully
coherent to the fcc Co. With these hardmetals the lifetime of road-planing picks was reported to
increase by 2-3x [15].

2. Experimental
2.1 Sample preparation

For the preparation of laboratory grades of hardmetals, a WC powder with mean grain size of 8 um
was employed. For precise adjustment of the carbon level, carbon black and W powder was used.
After weighting, the powder mixtures WC-15%Co were ball milled with cyclohexane for 24 h. The
powder-to-ball mass ratio was 10:1. The powder mixtures were pressed uniaxially with 350 MPa
without pressing aid.

The samples were sintered and then low-temperature annealed (schematically given in Tab. 1).
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Tab. 1: Annealing processes (T<900°C, t<6h)

Name Temperature | Time
A unannealed
B low short
C high long

The same raw materials were employed for preparation of industrial grades. These grades were
subjected to identical annealing steps and employed for TRS measurements.

2.2 Sample characterisation

For metallographic inspection the samples were cut, ground and polished with 1 pum diamond paste for
light optical and scanning electron microscopy. Vickers hardness (HV30) testing followed
DIN ISO 3878. All individual samples were subjected to measurement of magnetic saturation and
coercive force.

For TEM microstructure analysis in a FEI TECNAI F20 transmission electron microscope lamellae
were prepared by FIB (focused ion beam) preparation in a DualBeam-FIB FEI Quanta 200 FEGSEM
3D electron microscope. No additional preparation was necessary for TEM investigations. Elemental
analysis was made by EDX and EELS (electron energy loss spectroscopy) case-by-case.

For XRD solid samples were cut, ground and polished before measurement with Ni-filtered Co-K,,
radiation. The step width was 0.02° (®) in the range of 5 — 70° (®) with sample rotation. For Rietveld
analysis the software Topas was used.

For TRS measurement, about 20 hardmetal bars (20x6.5x5.25 mm) were subjected to a three-point
bending tests according to DIN ISO 3327 with a following Weibull analysis.

The erosion resistance was measured with a sandblasting test, inspired by the ASTM C704 [16]
standard. This is a jet abrasion test covering the determination of relative abrasion resistance of a
sample at room temperature. As an abrasive we used 100 g of Al,Os; powder with 125 — 180 pum
particle size at 2 bar air-jet pressure. A boron carbide nozzle with 1.5 mm diameter was used at a
distance of 12 mm. For each single test fresh Al,O; powder of a single batch was employed. The
erosion resistance of the hardmetal was quantified by mass-loss measurement (Ag). The mean
deviation of mass loss of five parallel tests amounts about + 0.2%.

3. Results and discussion
3.1 SEM microstructure analysis

SEM investigations (Fig. 1) of annealed samples with low carbon content show structured areas in the
binder whereas the binder of unannealed samples is unstructured (Fig. 1a). All tested samples had the
same magnetic saturation before low-temperature annealing.

The amount of structured area in the binder increases with time and the intensity of structures
increases with temperature. The sample annealed with annealing process B shows just some areas
with weakly structured binder (Fig. 1b) whereas the sample annealed with annealing process C shows
intense, clearly visible structures (Fig. 1c). These structures were found in samples with a low carbon
level and are similar to that described by Wirmark and Dunlop [2].

3.2 TEM investigations

First, the sample annealed with annealing process C was chosen, because it shows the most
intensive structures in SEM investigations (Fig. 1c).

In the first step, EDX analysis in the four areas marked in Fig. 2a were made. Area 1 is situated in the
binder phase, area 2 in WC and areas 3 and 4 in the striated lamellae. The results of the EDX analysis
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are given in Tab.2. Although EDX has a restricted accuracy it can be seen that the composition of the
CosW phase is located between WC and that of the binder.
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Fig. 1, a: unannealed (A), b: low T - short t (B), c: high T - long t (C), SEM-BSE, magn. 40,000x.

Dark field image and HRTEM analysis (to be presented elsewhere) showed segregation between
heavy and light elements within the lamellae. No lattice plane distortion and no additional reflection
could be identified in the diffraction pattern. Consequently, these segregations are high-coherent
precipitations with the same crystal structure.

Upon analysis of the diffraction pattern (software JEMS) of the lamellae best agreement to the lattice
spacings of Co3W [17], space group P6s/mmc could be found.

Tab. 2: EDX analysis results (mol%) for areas indicated in Fig.2a

Area | C Co W Phase
1 4.8 92.0 3.2 Co
2 36.7 2.8 60.5 WC
3 8.0 74.9 171 CoaW
4 12.2 69.5 18.3 CozW
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Fig. 2, a: areas and line scan position for EDX analysis, b: Line scans (top: W, bottom: Co) across
three lamellae (3, 4 and one additional not indicated in Fig. 2a).

Another TEM investigation was made of the sample annealed with annealing process B with only faint
structures in the binder (Fig. 1b). Fig. 3a shows a TEM image of this sample. In the binder (light grey)
crossed bands are visible. An EELS line scan across one of these bands is shown in Fig. 3b (W
cannot be measured with EELS, therefore just C and Co are plotted). Within the band (marked with
blue vertical lines) the Co content decreases as compared to the binder. From this fact and because of
the darker colour of the band a W enrichment within the band can be assumed.
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The structures in samples annealed with process B (Fig. 1b) are less pronounced than with annealing
process C (Fig. 1c) but are certainly related to the CosW phase and are probably a precursor state of
the latter (named ¢’ by Jonsson and Aronsson [1]). The indexing of the reflections representing the
bands was in best agreement with those of CosW.
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Fig. 3, a: TEM image of sample B, EELS line scan is marked, b: EELS line scan, sample annealed
with annealing process B

In published isothermal sections of the system W-C-Co, for example those of Akesson [18], WC+Co is
not in equilibrium with CosW. These diagrams, however, were established for much higher
temperatures than the investigated re-annealing temperatures. At lower temperatures the phase
equilibria could change. Nevertheless, in the binary system W-Co the Cos;W phase is in equilibrium
with hexagonal e-Co, which has little solubility for W at low temperatures [12].

3.3 Rietveld analysis

The sample annealed with annealing process C was subjected to XRD / Rietveld refinement (Tab. 3).
The total binder content found by this refinement (16.3 wt%) is in good agreement with the overall Co
content of the hardmetal (15.0 wt%). In the binder, a huge amount of hexagonal s-Co phase was
found (almost 84% of the binder) and only a minor amount of fcc Co (ca. 13% of the binder). The
content of CosW was found to be 0.5% of the total sample which is ca. 3% of the binder. The unit cell
of fcc Co was smaller than given in literature whereas the hexagonal ¢-Co lattice parameters and
those of CosW are strikingly larger. The lattice parameters of WC are just slightly increased in
comparison to literature values.

3.4 Magnetic and mechanical properties

The Vickers hardness (HV30), the coercivity (H.) and the bending strength (TRS) of the unannealed
sample (Grade A) and the annealed samples (Grades B and C) are listed in Tab. 4 together with the
erosive mass loss. The erosive mass loss decreases significantly with the formation of Co;W (Grade
C) or its precursor (Grade B), whereas the hardness and TRS remains constant for Grade B.

A strong increase of H. for samples annealed with annealing process C was found and is due to the
precipitations in the binder. These precipitations shorten the mean free path and consequently the
Weiss domains decrease so that H; increases. Grade B shows only a slight increase because of the
much lower amount of CosW (see Fig. 1b).
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Tab. 3: Results of Rietveld analysis of the sample annealed with annealing process C

Lattice parameters Sample, A Literature data [19], A
aWwcC 2.9114 2.90631(9)
cwcC 2.8436 2.83754(8)
a CozW 5.1588 5.12

c CosW 4.1589 4.12

a Conep 2.5348 2.5031(5)
€ COnep 4.1215 4.0605(8)
a Cocyp 3.5340 3.5447
Phase concentration

wt% WC 83.7

wt% CosW 0.5

Wt% COnep 13.7

wt% Cocup 2.1

This is in accordance with several studies, e.g. [2,3,11], who assumed or proofed the formation of an
intermetallic paramagnetic phase (Cos;W). At low C concentration such as adjusted in this work, the
amount of hexagonal ¢-Co is larger than at high carbon level, because of the C stabilises fcc Co. If we
adjusted a higher carbon level, corresponding to os = 85% of that of Co, CosW was no more present.

Tab. 4: Properties of the hardmetals used for TEM (Grade B, C)
and as-sintered Grade A

Grade | Hardness | Erosive mass loss He TRS

HV30 mg kAm™* MPa
A 1190 56.0 9.4 3710
B 1180 49.0 9.8 3720
C 1130 48.9 135 3560

The intensive formation of CosW reduces TRS in Grade C (Tab. 5) in accordance with the findings of
other authors, e.g. [2,14,15]. Contrary, we have not detected a hardness increase, rather a small
decrease, upon this heat treatment. Thus, we assume that the hardness contribution of the modified
binder phase (compare [14]) to the overall hardness is small. However, an indication for that is the
finding of a substantial reduction in erosive mass loss. Obviously, the precipitations in the binder
cause a hardening effect and prevent the WC grains to be extracted from the hardmetal, which is the
usual failure mechanism of erosion.

The best conditions (proofed for several similar conditions such as employed for Grade B) are,
however, a lower annealing temperature with shorter time (Tab. 4, Grade B), in which HV and TRS
remain unchanged, but yield a similar substantial reduction in erosive mass loss. As proofed by TEM,
these moderate re-annealing conditions — which could also implemented in the sintering profile —
cause much finer Co3W or precursors thereof.

The reason why in our experiments the CosW formation was achieved within much shorter annealing
times than in most other studies (e.g. some report 25 — 100 h [2] or even several hundred hours [5])
could be due to differences in C activity of the alloys. We observed these precitpitation only at low C
activity close to the WC+Co+n boarder. It is also interesting to note, that Tillwick and Joffe [9] have
found an MS discontinuity at 35 min annealing time in samples annealed at 700°C and suggested that
an intermediate phase forms (probably ¢’) which then transforms into CosW upon further annealing. A
similar phenomenon was described by Jonsson and Aronsson [1] for 550-650°C but ¢ and CosW
occurred only at annealing times = 10h in Co-W-C alloys containing free WC.
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4. Conclusion

The precipitation of CosW phase from W-supersaturated binder in hardmetals was already observed in
the 1960s —1980s [1-5,9,14]. However, most of the annealing times of up to 500 h were clearly too
long for an economical industrial use. The results of the present work show indeed clearly, that the
formation of CosW phase or their fine precursor state (¢’) occurs also in industrial samples at
significantly shorter annealing times, leaving hardness and TRS unchanged, but increasing the
erosion resistance. An implementation of such a procedure into a commercial fabrication process will
widen the potential of such hardmetals.
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