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Abstract The steadily increasing need for energy resources represents a challenge in every aspect. The fossil energy
resources are limited and may be locked several thousand meters below the surface, which may also imply the need of highly
complex wellbores and results in high costs. In order to be able to reach these resources, special tools and equipment are
needed. These tools are exposed to extreme conditions such as high loads, high temperatures and pressures as well as abrasive
conditions while in contact with the formation. Under such conditions, the tool and component lifetime also has an economic
impact. A current challenge is to extend the lifetime of the tools and components. The materials being used include
polycrystalline diamond compact (PDC), thermally stable polycrystalline diamond (TSP) and cemented carbides, i.e.
tungsten carbide-cobalt alloys. Tungsten carbide-cobalt alloys are extensively used for several applications such as inserts for
roller cone drilling bits, cutting plates and wear protection. For these alloys, the wear resistance is closely related to the
hardness, however, an increase in the hardness reduces the fracture toughness of the material. In sintered hard metals
processed through the traditional routes, such as Hot Isostatic Pressing (HIP) or Hot Pressing (HP), grain growth inhibitors
are often used to accomplish a fine grain size in the order of um. With the FAST technique (Field Assisted Sintering
Technology) it is possible to produce bulk materials in the near-nano range (WC grain size dy¢ = 200 nm) without the use of
grain growth inhibitors. In order to prove the suitability of FAST tungsten carbide alloys in the near-nano range for drilling
tools and components, comparative tests between standard materials and FAST material are conducted in a small scale
drilling test stand. Tests are performed on different rocks to reproduce different formation types. The results of a test series on
granite and sandstone are presented. The preliminary results are promising, since the FAST material exhibits less wear than
the standard materials.
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refinement. The traditional sintering methods, e. g. Hot
Isostatic Pressing (HIP) and Hot Pressing (HP), have
allowed the achievement of ultra-fine grades with grain
sizes in the order of some pm or less [1, 2], however until
now the wuse of grain growth inhibitors has been
unavoidable [3]. Some recent studies claim that the use of
grain growth inhibitors may have a detrimental effect in the
overall properties, such as fracture toughness and wear
resistance [4]. The latent question is whether the near-nano
materials perform better as their “coarser,, counterparts or if
they have the potential to substitute the traditional materials
in the long run [5].

The further development of new technologies, for
example the Spark Plasma Sintering (SPS) or Field Assisted
Sintering Technology (FAST), have allowed the sintering of
samples with grain sizes in the near-nano range. It is
expected that the grain refinement results in a high hardness,
consequently in a higher wear resistance but at the same
time in a deterioration of the fracture toughness.

Recent investigations conducted within the Freiberg High
Pressure Research Centre, FHP, at the Technische

1. Introduction

Drilling applications require materials that can keep up
with the extreme conditions encountered while drilling, e.g.
high loads, high pressures, abrasive formations and in some
cases also high temperatures. There is a variety of materials
currently being used for drilling applications, ranging from
tungsten carbide cobalt alloys up to polycrystalline diamond
compact (PDC). Cemented carbides are used extensively,
for example as inserts in drilling bits or as wear protection
in drilling components. Drilling operations are expensive
and an important part of it is represented by the costs from
tools and components. One of the current challenges is to
extend the lifetime of the materials being used for these
applications, which would result in an economical effect.

Current research efforts include the combination of
materials, such as PDC with boron nitride or reinforcement
from the binder. In the case of hard metals, a more
traditional approach has been followed, namely the grain
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Universitit Bergakademie Freiberg have shown that it is
possible to consolidate samples with a WC grain size in the
near-nano range, about 200 nm, without the aid of grain
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growth inhibitors while keeping the fracture toughness at a
reasonable level [6-9]. Further research efforts at the FHP
include the evaluation of the FAST materials for drilling
applications. An overview of some of the tests conducted in
a laboratory rig drilling test stand to evaluate the
performance of FAST-materials for drill hammer inserts
will be presented in the following sections.

2. Experimental Procedure

2.1. Testing Materials

The FAST-materials used for the comparative tests were
tungsten carbide- cobalt samples sintered by using the FAST
technique without the aid of grain growth inhibitors. The raw
samples were cylindrical shape (diameter 15.5 mm, height:
20-21 mm) and they were afterwards machined to the desired
insert form. Additionally, commercial samples were tested.
The typical geometry of the samples after the sintering
process and the final geometry of the test inserts are shown in
Figure 1.

Figure 1. Inserts for tests with the drill hammer and raw cylindrical sample
after sintering with the FAST technique

Table 1. Typical properties of FAST-materials and commercial samples
Density, Grain Size, | Hardness, Kie,
Sample ID ; n
g/em nm HV 10 MPam
FHP-A
14.737 185 nm 2050+30 | 9.4+0.2
WC-8Co
FHP-B
14.746 185 nm 2050 +30 94+0.2
WC-8Co
FHPI 14.309 195 167020 | 10.6+0.9
WC-12Co ' m o
FHP2
14.305 195 nm 1670+£20 | 10.6+0.9
WC-12Co
WI1/W2
14.134 n. a. 1090 n. a.
WC-15Co
C/E
14.100 0.2-0.5 pm 1730 7.8
WC-12Co

The FAST-materials used in this study are presented in
Table 1. On this table the relevant properties, for example,
WC grain size, hardness and indentation fracture toughness
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can be found. For the commercial counterparts, not all of the
information was readily available.

For the samples W1 and W2 the density and hardness were
determined in the laboratory. The measurement of the
fracture toughness on those samples was not possible due to
the absence of resulting cracks at the hardness indentations.
This indicates a high fracture toughness.

For samples C and E, the information regarding the typical
properties have been provided by the manufacturer.

2.2. Tests in the Small Scale Laboratory Drilling Rig

The tests were performed with drilling hammer prototype
inserts in a small scale drilling test stand. With this drilling
test stand it is possible to perform tests to analyse the rock
destruction process by impact drilling with an electrically
driven drilling hammer. With this device is possible to set up
the frequency and the duration of the impacts [10]. The test
conditions were a frequency of 10 Hz and a test time duration
ranging from 5 up to 30 min. The tests were performed in
block rock samples. Two different rock samples were chosen,
sandstone and granite. Sandstone is a sedimentary rock and
exhibits a high abrasivity, which makes it ideal to evaluate
the performance under abrasive conditions. Granite is an
igneous crystalline hard rock, which in the praxis is difficult
to drill through.

A picture showing the typical experimental set-up in the
small scale drilling test stand is shown in Figure 2.

44

Figure 2. Typical experimental set-up in the small scale drilling test stand

Some of the typical geological properties of the rocks used
in this study, the unconfined compressive strength (UCS)
and the Cerchar Abrasivity Index (CAI), can be found in
Table 2

Table 2. Typical Rock Properties

Rock CAI Abrasivity [11] UCS, MPa[12]
Sandstone 2-6 90.1
Granite 3.5-5 181.7
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It needs to be pointed out that rocks are nature products,
therefore their properties are bound to vary quite strongly
depending on the specific mineralogical composition.

Tests were comparative, so the FHP samples were tested
under the same conditions as commercially available
counterparts. In order to quantify the volume loss of the
samples after the tests, the starting and finishing mass was
determined. Mass measurements were conducted on a
Sartorius BA210S scale with a measurement exactitude of
0.1 mg. If there is a mass loss, than is converted to volume
loss by using the basic density formula.

Figure 3 shows the electrical drill hammer with the test
insert during a test in a granite block.

Figure 3. Tests in granite with the electrical drill hammer

Microstructural investigations were performed using a
Carl Zeiss LEO 1530 scanning electron microscope (SEM)
to identify which deterioration mechanisms are active in both
samples, the commercial and the FAST samples.

The results and observations after the tests are presented in
the following section.

3. Results and Discussion

3.1. Volume Loss after Drill Hammer Tests
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Figure 4. Volume loss after tests with the electrical drill hammer

prototype in granite

The results of the volume loss after the tests in granite and
in sandstone are presented in Figures 4 and 5.

The tests in granite were conducted at durations between 5
and 25 minutes and those in sandstone between 5 and 30 min.
Samples marked as FHP-A, FHP-B und FHP 1 and FHP2
represent the FAST samples, while Samples W1, W2, C and
E are commercial samples.
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Figure 5. Volume loss after tests with the electrical drill hammer prototype
in sandstone

3.2. SEM Characterization

The SEM micrographs from the surface of the inserts after
the first series of tests in sandstone are presented in detail in
figures 6 and 7 for the FAST-material and the commercial
material, respectively, Representative samples of the
commercial and FAST-material were analysed by scanning
electron microscopy to evaluate the existing deterioration
mechanisms.

Y gt

Figure 6. SEM Micrograph from WC- 8Co FAST sample after testing in
sandstone

In the FAST material the present deterioration features are
not that obvious. It was possible to identify regions with
local deformation and partial detachment of small grain
groups, see in Figure 6 the areas marked as A and B,
respectively. However, no extensive damage or such evident
damage to single grains, as observed in the commercial
sample, could be identified.

In the SEM micrograph for the commercial samples it is
possible to see that the single grains of WC are to a great
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extent partially broken, see area marked with C in Figure 7
and there are regions in which the grains are already partially
detached (area marked with D in Figure 7).
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Figure 7. SEM Micrograph from the commercial sample after testing in in
sandstone

3.3. Discussion

Since its introduction in the market as a new promising
technology, the FAST process has been used quite often with
the purpose of eliminating the problems bound to the
traditional HP and HIP sinter techniques [2, 13]. One of the
main issues with the traditional techniques has been that a
grain refinement was not easily achieved. With the FAST
Technique it has been possible to accomplish the grain
refinement without the aid of grain growth inhibitors [14].

Tungsten carbide-cobalt alloys are widely used for tools
and components, particularly for applications requiring high
wear resistance. The system tungsten carbide cobalt offers
the possibility of having the high hardness combined with a
certain fracture toughness by varying the cobalt content. It is
also well known that the wear resistance is directly related to
the hardness of the material. In general, the following
principle applies: as the hardness increases, so does the wear
resistance of the material. Under this assumption, a grain
refinement with subsequent increase in the hardness will
result in a better wear resistance. Thus, near nano materials
would be the ideal candidates to replace the existing
materials in the pm range. A better wear resistance would
result in an extended lifetime of the material or component.

However, an increase in the hardness may also result in a
decrease of the fracture toughness of the material. The
question arises, could near-nano materials substitute or
represent an alternative to traditional materials? Some
researchers have tried to evaluate this possibility and their
results do not seem to provide a conclusive answer [4, 5, 15,
16]. In the series of tests conducted by those authors, the
materials were chosen according to their hardness, although
this also resulted in a widespread composition, which may
not provide the definitive answer to this question.

There have been many efforts to predict the wear
resistance and lifetime of the components. From the side of
the user, the wear resistance is considered to be mainly
influenced by the formation and its abrasivity. In this way,
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several indexes relating the mineralogical composition of the
formation are used to predict the lifetime of a component.

From the side of the manufacturer of the tools and
components, the wear resistance of hard materials is
typically evaluated by using the standard abrasion tests, e. g.
ASTM B611. This standard describes a rotating wheel
abrasion test under specific conditions. The results are
usually reported as volume loss [17].

When comparing the wear resistance of the material or
when looking for an evaluation of the wear resistance, it has
been found that quite often modifications to the standard
conditions have been made [18, 19].

Under these conditions, what can be used as a reliable
reference for the wear resistance? Obviously the best way of
evaluating the wear resistance and lifetime can be done by
conducting field tests or by reproducing closely the
encountered conditions in the laboratory.

For the investigations conducted within this project, the
choice was to replicate the application of hard materials for
drill hammer inserts and to perform a series of drill hammer
tests on rock samples by using an electrically driven drill
hammer. As mentioned previously, one of the objectives
followed within FHP is to evaluate the applicability from the
FAST-materials for drilling applications.

Because of this, samples replicating the form of inserts
have been obtained and tested.

In this work, materials with a quite similar composition
were chosen. The approach was to use materials with the
similar composition and evaluate whether the materials
perform better or worse. In this case the differences between
the FAST samples and the commercial samples are the actual
grain size and the resulting properties of the materials, e.g.
hardness and fracture toughness.

The FAST-materials exhibit a higher hardness and a
higher fracture toughness when compared to the commercial
materials used in this study, as can be seen in the Table 1. It
is as well expected that these materials exhibit also a higher
wear resistance.

The results of the tests show that the FAST-materials
perform better than the standard materials in most of the
cases, see Figures 3 and 4. For the tests in granite, there are
two points that show a somehow higher volume loss for
sample FHP2. The rock samples are of a heterogeneous
nature that means there might be some variation depending
on the composition and the mineral components present at a
certain location. Although the tests were conducted under
similar conditions, it is possible that the sample FHP2 was
tested at a particularly abrasive location in the granite sample.
Since the impact tests with the electrical drill hammer
prototype are unique and it is not possible to repeat the tests
at the same location, it remains only the possibility to
increase the number of tests to minimise the uncertainty.

The preliminary results from the tests in sandstone show
that the FAST-materials exhibit less volume loss than the
commercial materials particularly by the long duration tests.

The active deterioration mechanisms in typical WC-Co
alloys used for rock destruction applications have been
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identified and summarized by Beste et al. [20]. A good
review from the general mechanisms observed in WC-Co
alloys is also provided by Gee [21]. No extensive
information is available for near-nano materials. An attempt
has been started by Konyashin with his work in near nano
materials with higher cobalt content and lower hardness
[5, 16]. For that particular case, the observed features were
the presence of microchipping and microcracking as well as
the separation of large WC-Co fragments. The active
deterioration mechanism was attributed to the reduced
fracture toughness of the material due to the use of grain
growth inhibitors.

In the case of FAST-materials the analysis of the
microstructural features after tests in sandstone revealed only
the presence of small areas with local deformation and
partial detachment of grains. It would be important to further
investigate the active deterioration mechanisms as well as
the evolution of such features.

4. Conclusions

A preliminary evaluation of the wear resistance of hard
metals for drilling applications has been possible by
performing tests with a small scale rig test stand.

Characterization of the commercial samples in the SEM
confirmed the microstructural active deterioration
mechanisms for the standard materials. In the
FAST-materials, in the other hand, it was only possible to
identify local deformation and local detachment of small
grain groups.

The comparative tests between commercially available
materials and FAST near-nano materials are promising,
since in most cases the near-nano materials exhibited less
volume loss than the commercial counterparts.

Further tests in other rocks and further microstructural
characterization of the samples is needed. It is also desirable
to develop a reliable method for predicting the lifetime of
tools and components for rock destruction applications based
on their properties and specific working conditions.
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