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1. Introduction

To develop metallic tools and products into their final desired
shapes, dimensional tolerances, and surface finishes, it is often
necessary to subject tools to machining, such as through grinding
or turning. As machining is a subtractive process, it produces
metallic waste. This waste is often referred to as chips or swarf,
and they are produced in various sizes and morphologies.
Puga et al. have suggested that the total mass loss frommachining
is roughly 3%–5% the casting weight, in the case of aluminum
alone.[1] In 2019, casting production worldwide was approximated
to be roughly 110 million tons across varied metals.[2] If the
3%–5% weight loss is applied across all metals, then nearly 3–5

million tons of metal are lost through
machining. This loss of metals detracts
from the available supply of already limited
resources. With advances in technology,
growth in population, and increasing de-
mand for resources, such a significant dis-
posal of metal scrap leads to the removal
of valuable elements from the supply chain
that could otherwise be recovered and
reused.

Metallic swarf often contains nonmetal-
lic waste products as well, such as grinding
medium and lubricant from the machining
process. In machining processes such as
turning or milling, the metallic waste tends
to have a larger particle size, referred to as
chips. These metallic chips can be pressed
to remove residual cutting fluid before
reuse in production.[3] Recycling of larger

chips can already be observed at the industrial level through var-
ious means, such as extrusion.[4]

Waste consisting of smaller sized metallic particles from pro-
cesses such as grinding, however, comes with a variety of other
challenges before it can be prepared for recycling. Grinding
swarf can come in a number of different morphologies depend-
ing the material properties of the metal and on what grinding
wheel material it was exposed to.[5,6] When particles are tendril
or spiral-shaped, they are more likely to latch onto one another
and form agglomerates. These agglomerates can trap residual
cooling lubricant, which was used during the grinding process to
dissipate heat and increase grinding efficiency.[7] They can also
trap abrasive particles that dislodged from grinding wheels.

As grinding lubricant and metallic swarf can often be harmful
to human health, grinding sludge is often sent directly to
landfill, which involves both significant costs and burdens the
environment.[4,8] However, a variety of techniques to clean the
swarf from the lubricant have been explored, including combusting
the lubricant or separation via supercritical CO2 extraction.[9–11]

These processes are cost intensive. When combined with the
energy needed to re-melt the swarf for further recycling, the whole
recycling process is considered to be quite complex and uneconom-
ical. Therefore, grinding sludge recycling has not been implement-
ed on a large scale.[8]

The push for furthering material recycling continues to grow,
though. The steel of interest in this study, a cold work tool steel
called AISI D2, includes high Cr, Mo, and V contents, elements of
which are increasing in demand for steel production.[12] This type
of steel is useful in cases requiring high wear resistance and non-
deforming properties.[13] In the case of the production of cutting
disks from cold work tool steel, mass loss during grinding can
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Grinding swarf on the micrometer scale is produced when steel tools are
machined to their final shape. The morphology of this swarf is prone to trapping
lubricant and grinding medium, such as Al2O3 and SiC. Due to both shape and
contamination, the swarf is considered undesirable for direct recycling. However,
utilizing a consolidation technique, such as field-assisted sintering technology/
spark plasma sintering (FAST/SPS), a unique composite material can be made
from embedding or dissolving ceramic grinding contaminants into the steel
matrix. Herein, ceramic-contaminated D2 steel swarf, dried from lubricant, is
sintered into a 120 mm diameter cutting disk. This disk is then capable of
removing sandstone when tested in a mock tunneling rig. The work explores the
challenges in scaling up FAST/SPS sintering from 20mm test samples up to full
scale, the extent of SiC dissolution during sintering, and the optimization of
postsintering heat treatment parameters.
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reach over 50%. For broaching tools, this mass loss is even higher,
reaching 60%–70%.[14] Efforts to avoid landfilling grinding sludge
have elevated due to environmental protection regulations, move-
ment toward a circular economy, and the reduction of economical
and geopolitical dependencies.[15–17]

Simplified stages of cleaning D2 sludge, combined with powder
metallurgical processing via field-assisted sintering techniques
(FAST), are therefore explored as an alternative recycling route in
this work. Powder metallurgical techniques display an attractive
advantage over re-melting, as the sintering of metals requires
much lower temperatures and thus requires less energy.[18,19]

Another added benefit of powder metallurgy is the potential to
generate net-shaped parts, reducing the need for machining and
minimizing the creation of more swarf.[20] Though options exist to
optimize particle size and morphology of cleaned grinding swarf
using a technique such as plasma spheroidizing,[21] less energy-
intensive forms of particle size control, such as ball milling, are
capable of producing metal powders suitable for powder metallur-
gical processes from the swarf.[22] A variety of powder metallurgi-
cal process have been examined for this type of swarf, including
vacuum sintering,[23] liquid phase sintering,[23] hot isostatic
pressing,[23] and electric discharge sintering.[14]

Field-assisted sintering technology/spark plasma sintering
(FAST/SPS) is a consolidation technique involving the application
of uniaxial pressure and a pulsed current to powder placed within
an electrically conductive die. This is done to sinter powder in a
significantly reduced amount of time compared to conventional
sintering or hot pressing.[24,25] The die surrounding the powder
heats up via Joule heating and thus provides heating from the out-
side of the powder. Simultaneously, as the powder is conductive,
the current passing through heats the swarf internally by Joule
heating. As the powder is heated both internally and externally,
a high heating rate in the range of several 100 Kmin�1 can be
achieved, leading to a high rate of mass transfer and rapid consoli-
dation.[26] Sintering with FAST/SPS allows for the possibility of
mixed materials to be sintered together, leading to a composite
with additive particles suspended in a matrix. For example, grind-
ing swarf could form a composite of steel and Al2O3.

[27] FAST/SPS
has been utilized in the consolidation of a number of differ-
ent metals, such as titanium,[26,28,29] aluminum,[30] and copper,[31]

though industrial scale FAST/SPS processes for many of these
materials have not yet been realized. As oxidation of the grinding
swarf occurs during the grinding process of a steel tool, due to the
swarf reaching temperatures above 1000 °C,[32] a reducing agent in
the form of a powder or gas may be necessary to mitigate the
amount of oxides present.[33] Electric current-assisted sintering
processes, like FAST/SPS, have been suggested to be capable of
breaking down the oxide layer on metallic particles during the sin-
tering process, which is especially useful in the case of oxidized
grinding swarf.[24,34] FAST/SPS also has the advantage of using
significantly less energy than hot pressing, with savings potentially
being in the range of 90%–95%.[35] FAST/SPS has previously
been shown to successfully consolidate irregularly shaped powder
into fully dense parts, such as with crushed Nd─Fe─B magnet
scrap.[36] The possibility of FAST/SPS processes working with
unconventionally shaped powder, combinedwith its energy-saving
potential, makes it an attractive candidate for the direct recycling of
steel swarf.

This work focuses on the production of D2 grinding waste into
the form of a cutting disk via FAST/SPS sintering for mecha-
nized tunneling. As this D2 grinding waste is recovered from the
grinding of circular knives, it is also expected that the waste can
be sintered for use again as knives. Using the disks in a mecha-
nized tunneling rig helps in the investigation of other advantages
of the recycled material, such as the changes in mechanical per-
formance provided by the embedding of grinding medium like
Al2O3. A cutting disk was chosen as a simple-to-realize demon-
strator part, considering the limited net-shaping capabilities of
the FAST/SPS tools available. This study was also performed,
more generally, as a proof of concept for the FAST/SPS sintering
of other potential steel swarf.

2. Experimental Section

2.1. Considered Grinding Waste

The grinding waste, also referred to as swarf, considered in this
study, originates from the production of circular knives. The kni-
ves are produced from cold work tool steel type AISI D2 (DIN
1.2379, X153CrMoV12). D2 tool steel exhibits a ledeburitic micro-
structure consisting of eutectic Cr-rich carbides of type M7C3

embedded in tempered martensite.[37] This microstructure is pro-
duced through quenching and tempering. Grinding of the circular
knives is performed in a heat-treated condition to reduce warping
in various dimensions, which is caused by quenching. Grinding is
performed using a water-based lubricant containing 3%–5% of
type Syntilo 81 E oil (Castrol, UK) and polymer-bonded grinding
wheels containing both Al2O3 and SiC. After grinding, the steel
chips that are removed from the tool are contaminated with the
cooling lubricant and abrasive particles from the grinding wheels.
The grinding waste supplied was dried in an air stream at 140 °C
for 48 h.

2.2. FAST/SPS-Processing of the Grinding Chips

Initial FAST/SPS parameters were optimized on a lab scale before
upscaling to the final 120mm cutting disks. Therefore, 5 g of D2
grinding swarf was precompacted into a graphite die (SGL Carbon,
SIGRAFINE R7710) with an inner diameter of 20mm. For tool
preservation and improvement of sample contact, a graphite foil
with thickness 0.38mm (SGL Carbon, SIGRAFEX) was inserted.
FAST/SPS was performed in an HP-D5 device (FCT Systeme
GmbH, Rauenstein, Germany) at a variety of temperatures, pres-
sures, and dwell times to densify the steel. Boron nitride spray was
applied in a 0.02mm thick coating on all graphite foil in contact
with the steel material. Initial experiments involved graphite foil
that was not coated with boron nitride, leading to carbon uptake.
Dr. Fritsch Boron-Nitride Spray (Dr. Fritsch GmbH & Co. KG,
Fellbach, Germany) was used for this purpose. Ultimately, the cho-
sen parameter set carried over into upscaling is listed in Table 1.
This parameter set leads to a recyclate material density of roughly
7.2 g cm�3, which is 94% of the density of the original D2 steel. It
is vital to note that the theoretical density of the recyclate is reduced
compared to the original steel due to SiC and Al2O3 particles
included as residues from the grinding process. 120mm diameter
samples were sintered in a Dr. Fritsch DSP515 FAST/SPS device
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(Dr. Fritsch GmbH& Co. KG, Fellbach, Germany). For the ease of
inserting and removing punches, the circumferential graphite foil
was pressed from a thickness of 0.38 to 0.28mm using a hydraulic
press. Boron nitride spray was applied only to the areas of the foil
with contact to the steel, as full BN coverage caused too much
mechanical resistance to the punches sliding into the die. A sche-
matic of the FAST/SPS set-up used for 120mm diameter disks is
shown in Figure 1. 250 g of D2 grinding waste was incrementally
placed into the die and regularly smoothed for a consistent height.
This mass of powder was chosen to generate a sintered disk of
roughly 3mm in height. Cooling occurred at a rate of 90 °Cmin�1,
with a t8/5 of 192 s. The value t8/5 is the amount of time it takes for
the material to cool from 800 to 500 °C and is considered the most
critical cooling range for carbon and low alloy steels. It plays a large
role in determining the microstructure of the steel.[38,39] After sin-
tering and cooling, the samples were extracted with a hydraulic
press and cleaned from graphite foil manually with a knife before
sandblasting.

2.3. Chemical Analysis

The chemical composition of the grinding chips was measured
by X-ray fluorescence analysis (XRF) using a type Niton XL2 air

by Thermo Scientific (USA). Through this method, only ele-
ments heavier than Mg could be quantified. The contents of the
light elements C, N, and O were therefore determined by carrier
hot gas extraction (CHGE). C analysis was performed using a
type CS-800 by Eltra (Germany) while measurement of N and
O contents was performed using a type TCH 600 by Leco (USA).
300 to 500mg of sample mass were analyzed within one mea-
surement. The C, N, and O contents given are the averages of
three individual measurements.

2.4. Thermodynamic Calculations

To estimate suitable heat treatment parameters of the FAST/
SPS-processed swarf, thermodynamic calculations were per-
formed using the software Thermocalc v. 2024a (Thermocalc
AB, Sweden).[40] Calculations were performed in equilibrium con-
dition based on the database TCFE10.[41] The considered phases
were ferrite, austenite, M7C3, M3C, M23C6, MC, SiC, MSi, MSi2,
M3Si, M5Si3, and liquid. The O and Al contents of the grinding
waste were neglected for the calculations as the Al2O3 abrasive par-
ticles present within the waste behave inertly.

2.5. Further Processing of the FAST/SPS Samples

As austenitization was expected to occur during the FAST/SPS
sintering cycle, the recyclate disk was subjected to direct temper-
ing (triple tempering at 540 °C for 2 h). To mount the FAST/
SPS-produced on the shaft of a mechanized tunneling test rig,
a centered hole of 80mm was cut by waterjet cutting. Table 2
gives an overview of all the samples generated, including their
variations in graphite foil (C-foil) coatings, dwell times, and ther-
mal treatments.

2.6. Microstructure Characterization

Particle morphology was analyzed via field emission gun scanning
electron microscopy (SEM) using a Zeiss Gemini 450 (Carl Zeiss
AG, Germany) using an acceleration voltage of 8 kV and working
distance of 8.0mm. A classical Everhardt-Thornley detector was
used to image the powder morphology. Micrographs of the sin-
tered samples were taken using a back-scattered electron (BSE)
detector to achieve an improved contrast between the individ-
ual phases present in the microstructures of the samples.
Microstructural analysis was conducted using an SEM type
MIRA 3 (Tescan, Czechia) operating at a working distance of
15mm and an acceleration voltage of 20 kV. The increased accel-
eration voltage was chosen to enable energy-dispersive X-ray spec-
troscopy (EDX) measurements with the fitted X-Mas 50 detector
(Oxford Instruments, UK). Contents of retained austenite (RA)
weremeasured using X-ray diffraction applying a μx-360 (Pulsetec,
Japan). Full Debye rings from a single incident X-ray angle were
collected to be converted to intensity/2θ-diagrams. According to
the Rietveldmethod, the retained austenite content was calculated.
Vickers hardness measurements were conducted using a KB30s
system (KB-Prüftechnik, Germany). For hardness, the mean of
five individual measurements was calculated.

Figure 1. Schematic of the FAST/SPS set-up used for the sintering of
120mm D2 disks.

Table 1. Chosen FAST/SPS parameter for the sintering of small- and large-
scale D2 steel disks.

Maximum temperature 950 [°C]

Maximum pressure 45 [MPa]

Dwell time 1 [min] and 5 [min]

Heating rate 100 [K min�1]

Steel powder mass 5 [g] and 250 [g]

Graphite die diameter 20 [mm] and 120 [mm]

Cooling rate (to 300 [°C]) 90 [°C min�1]

t8/5 192 [s]
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2.7. Tunneling Rig Testing

After shaping and heat treatment, both the D2 swarf disk and a
D2 reference disk were tested on a mock tunneling device.[42] A
counterpart of cylindrical sandstone from Anröchte, Germany
was used as a tunneling surface. The disks were rotated counter
to the cylinder. A static load of 2500 N was applied to the disks
which dynamically increased to 5000 N during testing. The tests
were run for 20min. After completion of the tests, the weight of
the excavated material and the weight loss of the disk were
measured.

3. Results and Discussion

3.1. Cleaning Procedure and Properties of the Grinding Chips

The morphology of the grinding swarf was tendril and spiral-
shaped, which is responsible for the ease of trapping grinding
medium, such as Al2O3, as seen in Figure 2A. A grinding particle
is seen as the dark grey shape contained within the light grey steel.
The interlocking spirals, as seen in Figure 2B, also trap air. This
results in the poor bulk and tap density of 0.84� 0.03 and
1.39� 0.01 g cm�3, respectively. The poor bulk and tap density
thus make this powder non-ideal for traditional powder metallur-
gical techniques. Both Hall and Carney flow tests could not be
performed successfully because of agglomerates blocking the
opening of the funnel. Unlike in the work by Großwendt et al.,
this swarf was not subjected to any form of magnetic separation,

and the only cleaning it experienced from its water-based lubricant
was drying in a stream of hot air (48 h at 140 °C).[14]

Table 3 shows the chemical composition of D2 according to
ASTM A681, compared to the chemical analysis of the dried
D2 swarf. The comparison between the two reveals an increased
C content in the recyclate swarf, compared to that of ASTM A681
D2 steel. This can be primarily attributed to SiC contamination,
as the Si content is also drastically higher in the swarf than in the
standard D2 steel. Organic residuals like oils from the water-
based cutting emulsion could have contaminated the particle sur-
faces as well, resulting in a further increased total carbon content
of the swarf. It is expected that residual oil will evaporate prior to
the FAST/SPS sintering as the swarf is exposed to a vacuum
prior to the application of an electrical field. In addition, the pres-
ence of aluminum and increased oxygen contents is observed
within the swarf. As a reference, commercially gas-atomized steel
powder has been reported in literature to contain less than
150 ppm of oxygen (0.015mass%).[43] The high oxygen content
in the swarf can be attributed to two aspects: first, the high
oxygen content, as well as the high aluminum content, can be
traced back to the presence of Al2O3 abrasive particles. Second,
increased measured oxygen contents could be attributed to the
oxidation of the particle surfaces, likely due to the grinding pro-
cess and the subsequent cleaning procedure.

3.2. Small-Scale FAST/SPS Testing

In a previous work by Keszler et al., various FAST/SPS dwell
times were tested on 20mm, 5 g samples to determine the effect

Table 2. Sample names of D2 pellets FAST/SPS sintered at 950 °C, 45MPa with variations to dwell time and tempering (tempering conditions are listed in
Section 2.5).

Sample name Protective foil Sample diameter [mm] Powder mass [g] Dwell time [min] Posttreatment

20 [mm]-1 [min]-C C-foil 20 5 1 –

20 [mm]-5 [min]-C C-foil 20 5 1 –

20 [mm]-1 [min]-BN C-foilþ BN 20 5 1 –

20 [mm]-5 [min]-BN C-foilþ BN 20 5 1 –

120 [mm]-1 [min] C-foilþ BN 120 250 1 –

120 [mm]-5 [min] C-foilþ BN 120 250 5 –

120 [mm]-5 [min]-T C-foilþ BN 120 250 5 Tempering

Figure 2. SEM images of the D2 powder, showing A) a grinding particle (labeled) trapped within the spiral-shaped powder and B) the general spiral shape
of the powder.
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of dwell time on RA content and density.[44] These experiments
were repeated for this work. A key component of this FAST/SPS
sintering was the application of boron nitride spray as a barrier
between the D2 steel swarf and the C-foil used to protect the
graphite tools during the sintering process. As seen in Table 4,
the use of a BN coating significantly mitigated the diffusion of
carbon into the D2 steel from the C-foil. Therefore, all subse-
quent experiments involving the FAST/SPS sintering of D2 used
a BN coating between the steel powder and the C-foil to control
carbon diffusion. Also of note is that C-content is lower in the
samples sintered with BN as opposed to the starting powder
(see Table 3). This is a sign that lubricant oil was left behind,
or that other organics, such as disinfectants or binders from
the grinding, are evaporating due to the vacuum and heat applied
during the FAST/SPS process. It is expected that the carbon con-
tent of 2.47mass% within the samples sintered by FAST/SPS
while using the BN-coated foil reflects solely the contamination
with SiC abrasive particles and minor remnants of the polymer
binder of the grinding wheels.

Based on the work by Keszler et al., the two shortest sintering
dwell times of 1min and 5min were repeated. This was due to the
results finding no significant difference between the sintering
times and the final sample density, as seen in Table 5. Lowering
sintering times leads to better energy savings, which is favorable
from both economic and ecological standpoints. This led to the
choice of sintering larger-scale disks with a 1min dwell time, as
the small-scale samples suggested there would be no improve-
ment from an increase of dwell time.[44]

3.3. FAST/SPS of D2 into 120mm Disks and Subsequent Heat
Treatment

Table 6 shows the measured Archimedes densities of the 20mm
diameter and 120mm diameter samples. As it was seen that
there was a large discrepancy between the 1min dwell FAST/
SPS samples of 20mm diameter and 120mm diameter, the pos-
sibility to directly transfer the FAST/SPS parameters successfully
used for laboratory scale 20mm sample to the upscaled 120mm
samples was questioned. Due to limitations of the Dr. Fritsch

DSP515, increasing pressure was not a possibility. As the powder
mass was increased from 5 to 250 g in scale-up, with no other
major changes in processing parameters, it was thought that the
center of the larger sample would not experience the same in-
crease in temperature as the smaller sample. With a longer dwell
time, the chance increased to have a more homogeneous and
steady temperature distribution for a longer period of time. A
dwell time of 5min was chosen as, though it is five times greater
than the 1min dwell, it only increases total processing time by
4min. Increased dwell time was also thought to bring other ben-
efits to the sample processing. Any organic matter that was left
behind from the lubricant would have a longer time to be cracked
and either diffuse into the steel or outgas into the FAST/SPS vac-
uum. SiC contaminants would have a longer opportunity to dis-
solve during the FAST/SPS stage.

As mentioned before, both 20mm-1min-BN and 20mm-
5min-BN exhibited a density of roughly 7.2 g cm�3. The different
sintering times of 1 and 5min did not appear to alter the level of
densification significantly. Considering that the sintered recyclate
material is a composite material consisting of D2 steel admixed
with 5.1% Al2O3 and 4.7% SiC particles, the measured density
of the 20mm samples equals 98.6% of the theoretical density
of the composite. These small-scale samples initially hinted that
1min sintering time at 950 °C is sufficient at the given pressure
to fully densify the recyclate material. However, for the reasons
mentioned above, the 120mm samples did not reflect an equiva-
lent density when sintered with a 1min dwell time during FAST/
SPS. 120mm-5min increased in density nearly 8% relative to
120mm-1min, leading to a relative density of roughly 97.4%.

Table 3. Chemical composition of AISI D2 steel from ASTM A681 compared to the swarf in mass%. All elements in the swarf determined by XRF *(C, N,
and O were measured by CHGE).

C* Si Mn Cr Mo V Al O* N* Fe

ASTM A681 1.4–1.6 0.1–0.6 0.1–0.6 11–13 0.7–1.2 0.5–1.1 – – – Bal.

D2 swarf 3.19� 0.03 3.92� 0.59 0.41� 0.01 10.90� 0.05 0.68� 0.01 0.72� 0.03 2.90� 0.06 0.884� 0.068 0.11 Bal.

Table 4. Global C contents of the samples sintered with varying process
parameters in mass% measured by CHGE.

Sample name C content in mass%

20 [mm]-1 [min]-C 2.57� 0.02

20 [mm]-1 [min]-BN 2.44� 0.00

20 [mm]-5 [min]-C 3.53� 0.02

20 [mm]-5 [min]-BN 2.47� 0.02

Table 5. Density measurements of 20mm sintered D2 samples with 1 and
5min dwell times.

Sample name Measured density in g cm�3[44]

20 [mm]-1 [min]-BN 7.19� 0.01

20 [mm]-5 [min]-BN 7.20� 0.01

Table 6. Measured density for sintered D2 disks of varied sintering
parameters.

Sample Measured density in [g cm�3]

20 [mm]-1 [min]-BN 7.19� 0.01

120 [mm]-1 [min] 6.57� 0.05

20 [mm]-5 [min]-BN 7.20� 0.01

120 [mm]-5 [min] 7.11� 0.03
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This discrepancy can be seen in the SEM images in Figure 3A
and B, with the 1-min dwell sample displaying larger pores than
the 5min dwell sample. The density achieved after applying the
5min dwell time during FAST/SPS was considered high enough
to focus only on an adapted postsintering hardening for 120mm-
5min. Still, the densification was not perfect, as can be seen in
Figure 3B, which shows the as-sintered sample still containing
pores. Oxides on the former surfaces of the grinding chips can be
seen in dark grey. Despite the imperfections, the micrograph of
120mm-5min shows clear improvement over 120mm-1min.

As energy consumption data were not collected for 120mm-
5min, estimates were made based on the energy consumption of
the 120mm-1min cycle. As seen in Figure 4A, the application of
force, temperature increase, and plunge displacement is dis-
played. Energy consumption during dwell is estimated to be

roughly 15Wh s�1 when a linear fit is applied to the power con-
sumption of the DSP515, as shown in Figure 4B. When compar-
ing Figure 4A and B, it is clear that only a small energy input is
necessary for the application of uniaxial pressure, with the major-
ity of the energy going toward heating. The additional 240 s of
dwell would therefore lead to an additional 3.6 kWh of energy
consumed by the DSP515 device. The cooler consumes roughly
3Wh s�1 through the sintering cycle, leading to an additional
0.7 kWh of power consumption from the cooler, when the sin-
tering cycle consists of a 5min dwell. In total, a sintering cycle
with a 5min dwell time should have an energy consumption of
roughly 16.8 kWh.

To ensure sufficient toughness and hardness of the steel
matrix, the FAST/SPS disks were subjected to a direct tempering
in the secondary hardness regime. It was initially assumed that

Figure 3. (top) Diagram showing where SEM images were taken from all disks, shown with shading and (bottom) micrographs of the A) 1 min and
B) 5min dwell FAST/SPS sintered sample.

Figure 4. A) Temperature, pressure, and plunge movement data gathered by Dr. Fritsch DSP515 over the course of 120mm-1min sintering cycle,
B) power consumption of both the Dr. Fritsch DSP515 device and attached cooling device shown relative to the change in temperature over the course
of the FAST/SPS sintering cycle.
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all SiC ceramic contaminants in the D2 swarf would fully dis-
solve during FAST/SPS sintering. Therefore, due to the presence
of Si and excess C, heat-treatment parameters commonly used
for D2 steel could not be directly applied. It was assumed that
the increased C content, combined with the cooling rate at the
end of the FAST/SPS cycle and t8/5 of 192 s, provided a sufficient
solution state of C to allow for direct tempering in the secondary
hardness regime. Moscoso et al. were able to achieve a hardness
of more than 650 HV in D2, when the steel was quenched with a
t8/5 of up to 280 s, prior to tempering.[45]

Figure 5A shows thermodynamic calculations for uncontami-
nated D2 steel, while Figure 5B considers the scenario in which
all SiC contaminants in the contaminated D2 swarf have been
dissolved into the D2 matrix. Under the assumption that all the
SiC would dissolve, the recyclate material would contain drasti-
cally different solute C content in the austenite phase when com-
pared to pristine D2, at given temperatures. This means that
austenitizing temperatures must be reduced for the D2 swarf
to prevent excessive amounts of RA. However, due to the Si intro-
duced by SiC in the D2 swarf, the austenite phase region is
restricted compared to the D2 reference material. According to
the calculation, an austenitizing temperature of more than
960 °C is required to transform all ferrite to austenite in the
recyclate D2. Higher amounts of M7C3 (Cr-carbide) and MC
(V-carbide) appear for the recyclate due to the higher C-content
contributed by SiC. Melt formation also begins at lower temper-
atures compared to the reference material.

Figure 5 also shows the calculation of stable phases in both ref-
erence D2 steel and the recyclate D2 steel samples sintered with
BN spray. According to Figure 5B, the applied FAST/SPS temper-
ature of 950 °C leads to a calculated volume fraction of remaining

ferrite of 11 vol% and a solute C-content in the formed austenite of
0.6mass%, which was the target solute C content. This is in accor-
dance with the solute C content in the D2 reference material at
the typical austenitizing temperature of 1080 °C, which is also
0.6mass%. This 0.6mass% of solute C would ideally lead to
an optimum martensite hardness. Unfortunately, the remaining
11 vol% of ferrite left in the recyclate D2, which remains from
performing FAST/SPS at a temperature of 950 °C, will not be
transformed into martensite during cool down or quenching.
According to the thermodynamic calculations, based on the com-
positional make-up of the recyclate disk, the D2 recyclate should
be exposed to an austenitization temperature of more than 960 °C
to transform all ferrite into austenite. This, however, would lead to
a C-content in the austenite exceeding 0.6mass%. It needs to be
noted that this calculation only considers the complete dissolution
of SiC. The partial dissolution of SiC produced solute C and Si
contents in-between that of pure D2 steel and of D2 recyclate with
fully dissolved SiC.

The incomplete dissolution of SiC during the performed sin-
tering can be seen in Figure 6. Contaminants of both SiC and
Al2O3 can be observed, indicated clearly by the plateaus of Si
and Al in the EDX measurement. At the base of the Si plateau,
small growths of Si are seen, demonstrating that Si has begun to
dissolve into the D2 matrix after FAST/SPS processing. In con-
trast, the Al2O3 appears inert, which was expected. This analysis
shows that the considered processing does not completely dis-
solve the SiC into the matrix but leads to its partial dissolution.
The success of SiC dissolution is highly variant based on the size
of the SiC particle, and more complete dissolution can occur if
the SiC particle is small enough. In Figure 6, a small SiC particle
appears to have fully dissolved into the D2 matrix. This led to a

Figure 5. Calculated amounts of stable phases and C concentrations in austenite of A) D2 steel and B) the D2 recyclate sintered for 5 min with BN
protective coating applied. The black dashed lines represent the abbreviated optimum austenitizing temperatures for both compositions that lead to a
solute C content of 0.6mass%.
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rich collection of carbides, along with the formation of somemar-
tensite and pearlite. The wide variation of SiC response and the
fact the actual percentage of SiC varies from batch to batch of the
grinding waste means that optimal heat treatment is difficult to
predict.

With evidence that the SiC would not fully dissolve after FAST/
SPS, a heat treatment study was performed to determine what
posttreatment could work best for the FAST/SPS D2 swarf disks.
Three different heat treatment strategies are considered. One sam-
ple was tempered directly after FAST/SPS (FAST/SPS at 950 °C).
This sample is labeled as DT. Further austenitization and quench-
ing were done in accordance with the calculations of Figure 5A
and B. The calculation shown in Figure 5B which assumes a full
dissolution of SiC during FAST/SPS suggests an austenitizing
temperature of 970 °C to achieve the desired solute C content of
0.6mass%. The sample austenitized at 970 °C is labeled “low” in
Figure 7, as it is a lower austenitization temperature than what is
traditionally used for D2. Additionally, a third sample was auste-
nitized at 1080 °C, which corresponds to a more standard auste-
nitization temperature for D2. This temperature leads to a solute
C-content of 0.6mass% if nearly none of the contaminating SiC is
dissolved into the steel matrix (Figure 5A). This third sample is
labeled “high” in Figure 7, as this refers to the higher austenitiza-
tion temperature. Figure 7 compares the results of this heat treat-
ment study with low and high austenitization temperatures.
Directly after FAST/SPS, the recycled D2 has a hardness over
700 HV30.

Tempering at 540 °C decreases the hardness to 530 HV30,
while the same RA content is apparent in the quenched and tem-
pered reference material. Additional austenitizing at the low aus-
tenitizing temperature of 970 °C after FAST/SPS processing leads

to an initial hardness of more than 800 HV30 which is similar to
the hardness of the reference material after quenching. However,
a higher RA content is observed. After tempering, the hardness
drops to 600 HV30, which is 100 HV30 lower than that of the ref-
erence material in application-ready condition. The high temper-
ature austenitizing at 1080 °C generates the highest amount of RA
of more than 75%. Consequently, the hardness in quenched con-
dition is reduced to 530 HV30. Tempering increases the hardness

Figure 6. (left) Micrographs of the samples sintered for 5 min in as-FAST condition including an EDX line scan (red line on SEM image), (right) micro-
graphs of 120mm-5min-T showing the near full dissolution of a SiC particle into the steel matrix followed by a reprecipitation of finely distributed
secondary carbides.

Figure 7. Hardness and RA content of reference D2 and recycled D2 swarf
after various heat treatments.
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again, leading to a hardness of 640 HV30, which is still 60 HV30
below the hardness of the reference material. This discrepancy in
hardness is caused by both the near-dense microstructure and the
remaining increased RA content of more than 10%.

No treatment considered here is capable of achieving the target
secondary hardness of 700 HV30 which is provided by the D2 ref-
erence material, and all options lead to higher RA content than
standard D2 as well. Within the scope of the project, the goal
was to utilize FAST/SPS as both a consolidation technique and
as an austenitizing step. This study made clear that the FAST/
SPS parameters, which consisted of a sintering temperature of
950 °C, did not succeed in full austenitization due to insufficient
dissolution of SiC. The results of the heat-treatment study suggest
an austenitizing temperature that is just slightly reduced com-
pared to the typical austenitizing temperature of 1080 °C, if the
samples are austenitized for 20min. In case of the shorter dwell
time at the chosen maximum FAST/SPS sintering temperature,
which allows even less dissolution of SiC, future trials should
include sintering temperatures of up to 1080 °C to allow successful
direct tempering. Nonetheless, the cutting disk that is subjected to
further testing in this work is directly tempered after the FAST/
SPS processing at 950 °C.

3.4. Testing of the D2 Swarf Disk in Simulated Mechanized
Tunneling

The expectation of this work was that the D2 matrix would syn-
ergize with the inert Al2O3 to generate a metal matrix composite

(MMC) of higher hardness and wear resistance than standard
D2. This concept has been explored before by Eifert et al.[46]

Due to the unpredictability of SiC dissolution, though, opti-
mal heat treatment standards could not be developed in this
work, and the hardness of standard D2 could not be achieved.
Regardless, as seen in Figure 8A, the cutting disk made from
120mm-5min-T was still able to be installed into the test tunnel-
ing rig and to successfully excavate sandstone.[42] Figure 8B
and C show the two disks before and after tunneling testing, dis-
playing the visible damage on the 120mm-5min-T disk. Table 7
shows an overview of how much sandstone was removed by both
the D2 reference disk and the 120mm-5min-T disk.

While the disk made from the D2 swarf had a lower hardness
than standard D2, it was still able to remove a higher amount of
sandstone in the same amount of time when compared to the D2
reference. This could be due to several reasons. First, the 120mm-
5min-T disk experienced somewhat of a “self-sharpening” effect.
This is in reference to pieces breaking off of the disk edge, nar-
rowing the contact area between the disk and the sandstone. As
the same amount of force was being applied, the decrease in con-
tact area led to an increase in pressure, causing more sandstone to
be removed. Second, pieces of grinding medium, such as Al2O3,
were trapped at the edge of the disk as well, as seen in the SEM
image in Figure 9. The frequency of these particles appearing
across the edge of the disk is unknown and their contribution can
only be speculated. However, because of their hardness, it is pos-
sible that these inclusions assisted somewhat in the abrasion of
the sandstone.

Figure 8. A) Cutting disc produced from D2 grinding waste by FAST/SPS applied in the test rig for mechanized tunneling, and the D2 reference disk
compared to the recycled disk B) before and C) after tunneling, and D) optical micrographs of the edges of the disks before and after testing.
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While the “self-sharpening” effect of the recycled disk may be
beneficial in the short term, long-term usage will mean frequent
replacement of the disks. Figure 9 compares the edges of the
D2 reference disk with the recycled disk to show the extent of
the damage. One notable aspect of the cracking seen in the
120mm-5min-T disk is that, in this case, the major cracking is
not initiated by the presence of the Al2O3 inclusion. Rather, the
crack is more likely to follow regions of low density and high oxide
concentrations. Due to the geometry of the disk, the pressing
direction used during FAST/SPS is perpendicular to the direction
of loading during the excavation. The pressing during FAST/SPS,
therefore, causes the steel chips to align parallel to the direction of
the load forming lines of oxides and volumetric defects that a crack
can easily follow. In contrast, the lines of carbides present in the
hot-formed D2 reference material are oriented perpendicular to
the loading direction which instead can cause deflection of a
crack growing from the cutting edge into the material.[42] The
crack observed in Figure 9 terminates at a partly dissolved SiC
particle that caused the formation of variety of phases. For more
comprehensive conclusions, cyclic compression or impact testing
would be necessary.

4. Conclusion and Outlook

A prototype cutting disk was successfully generated from indus-
trial D2 grinding swarf contaminated with grinding lubricant,
Al2O3, and SiC from the grinding process. Densification was
achieved with FAST/SPS using a maximum temperature of
950 °C, a pressure of 45MPa, and a dwell time of 5min. Triple
tempering at 540 °C in the regime of secondary hardness trans-
formed excessive retained austenite. However, the target second-
ary hardness of about 700 HV30 could not be achieved, with final

sample hardness being 535 HV30 after direct tempering subse-
quent to FAST/SPS. This could be due to residual ferrite in the
matrix after heat treatment, which causes the matrix to be unable
to sufficiently support the hard phase of Al2O3 as it is too soft. If
the amount of martensite would be higher, it could be possible
that the MMC could achieve a hardness higher than that of
D2 alone. Ideally, full austenitization could be performed in the
FAST/SPS, but current thermodynamic calculations failed to
achieve ideal FAST/SPS temperature as the parameters neces-
sary for fully controlled SiC dissolution during the process are
unknown. Regardless, the disk was still capable of withstanding
application in a tunneling simulation, and it successfully removed
more sandstone than its standard D2 counterpart under the same
testing parameters. It exhibited a “self-sharpening” behavior,
which increased its pressure on the sandstone in exchange for
mass loss during testing.

The thermodynamic calculations suggest exploring a higher
FAST/SPS maximum temperature, in the range between 960
and 1080 °C, as this will lead to full austenitization even if no
SiC is dissolved during the sintering. Another recommendation
would be the removal of SiC entirely, whether through magnetic
separation or avoidance of the use of a SiC grinding wheel in the
first place. Therefore, an MMC can be formed with just Al2O3

using thermodynamic calculations for standard D2, as Al2O3 acts
inert. This could increase the recyclability of D2 grinding swarf.
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Table 7. Mass of sandstone removed and mass of disk lost during
tunneling trials for D2 reference and 120mm-5min-T disks.

Sample name Sandstone mass removed [g] Disk mass lost [g]

D2 reference 78.5 0.0

120 [mm]-5 [min]-T 157.6 2.2

Figure 9. BSE SEM images of the edges of the reference disk and recycled
disk after tunneling tests.
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