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Abstract. The present paper explores the effects of deep cryogenic treatment (DCT) on the properties
of WC-Co cemented carbides. The investigation involved four different cemented carbide (CC)
grades. Two of them were coarse-grained WC with grain sizes larger than 6 µm and binder fractions
of 10 and 15 wt. %. The other two were fine-grained with WC grains of 0.5-0.8 µm and the same
binder fractions of 10 and 15 wt. %. Their specimens were ground and polished to prepare them for
DCT. In each specimen, one half of this polished surface was used for testing the properties of the
CC before cryogenic treatment. The post-DCT properties were then determined on the other half.
Properties of the cemented carbides prior to and after DCT were studied using optical and scanning
electron microscopy, X-ray diffraction, hardness testing according to Vickers scale followed by
calculation of fracture toughness KIC and a ball-on-disk test of the wear resistance of the surface.
1

Introduction

Cryogenic treatment was first mentioned in the first half of the nineteenth century [1]. Today, its main
use is for tool steels, cast iron or non-ferrous metals [2, 3]. Thanks to controlled cooling to very low
(cryogenic) temperatures of approximately -180°C, holding for several to dozens of hours, slow
reheating and, where relevant, subsequent tempering, tool steels experience a reduction in residual
stresses, a decrease in the amount of retained austenite and refinement of carbides. As a result, the
dimensions of the treated cutting tools become more stable and the tools show better wear resistance
and longer life in service [4-7]. Recent studies have addressed cryogenic treatment of cemented
carbides [8-12].
Cemented carbides are composite materials which consist of no fewer than two structural
components: α and β. The α constituent is particles of tungsten monocarbide (WC). The β constituent
is a metallic binder, typically cobalt (Co). Like nickel or iron, cobalt shows excellent wetting of
tungsten carbide particles. Sintering therefore produces parts without internal pores. In addition to
the above constituents, cemented carbides may also contain a γ component. This consists of tetragonal
carbides or the η (M6C, M12C) constituent or free carbon in the form of graphite [13]. The presence
of all these constituents, their distribution, volume fractions and sizes and shapes of their particles
(such as WC grains) govern the mechanical and physical properties of the sintered carbides and their
potential application. Cemented carbides are typical materials of cutting inserts for machining
various structural materials and alloys, including TiAl6V4 titanium alloy or AISI304 austenitic steel.
Reports [8, 12, 14, 15, 16] suggest that cryogenic treatment can extend the life of cemented carbide
cutting tools by tens of percent. The wear on tool flank was reported to drop by 10-40%, depending
on the machining process and its variables as well as the cryogenic treatment method.
The reports propose several reasons for the improvement in wear resistance of the CC. One of them
is the ability of the cobalt binder to undergo allotropic transformations [10, 17]. Along with iron, the
crystal structure of cobalt can change with temperature from the hexagonal close-packed
configuration (εCo) to a face-centred one (αCo), which is stable above 422°C [18]. As in iron, this
transformation is accompanied by a change in carbon solubility. In α solid solution, it decreases with
temperature. Hence, this material can transform to metastable martensite at low temperatures, forming
super-saturated solid solution of carbon as in iron.
Along with this allotropic transformation, the structure of cobalt becomes more compact. The reason
is that each of the crystal lattice types involved has different lattice parameters and configuration. It
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increases the compressive stress on tungsten carbide grains in the cobalt matrix and thus the wear
resistance of the cemented carbide.
Besides the ability to undergo allotropic transformation, studies indicate that another reason for the
improvement in the wear resistance of CC is the formation and growth of η-phase [9, 12]. As some
other reports show, the formation of this phase is primarily associated with tempering rather than the
actual cryogenic treatment of cemented carbides [10, 19]. Eta phase consists of complex tungsten
carbides combined with the Co. Two forms of the phase are know from the literature: M6C phase of
variable chemical composition (Co3W3C) and the M12C phase (Co6W6C). They form in regions with
low carbon content, either during sintering or as a result of subsequent transformation in solid state.
Their presence increases microhardness and therefore wear resistance. On the other hand, they can
also make the cemented carbide more susceptible to failure because they compromise fracture
toughness, particularly the M6C phase.
Researchers have shown that the factors which dictate the properties of cemented carbides after
cryogenic treatment include their initial microstructure and the properties of the binder which
experiences the most profound changes due to the treatment. One of the important characteristics
which can affect the binder’s ability to undergo transformations is the interparticle spacing, i.e. the
distance between adjacent WC grains [20]. The ways to control interparticle spacing include the use
of tungsten carbide of different grain size and changing the volume fraction of the binder. This paper
studies the structural transformations induced by cryogenic treatment in cemented carbides which
differed in grain size of WC and binder amount.
2

Experimental Parameters

2.1

Materials and Heat Treatment

Four different grades of cemented carbides were studied. Two of them were coarse-grained with WC
grains larger than 6 µm and binder contents of 10 and 15 wt. %. The other two were fine-grained,
with WC grains of 0.5-0.8 µm and binder contents of 10 and 15 wt. %. They were supplied by
Ceratizit s.r.o. Table 1 gives some of their properties as declared by the manufacturer [21].
Tab. 1. Designations and selected properties of cemented carbides used in the experiments [21].
Cemented
carbide
CTE30
CTE20
CTS30
CTS20

Co content [wt.
%]
15
10
15
10

WC grain size [µm]

HV30

>6 µm
>6 µm
0.5-0.8 µm
0.5-0.8 µm

960
1120
1320
1590

Fracture toughness
[MPa∙m1/2]
22.0
18.0
11.9
10.1

Testing specimens were 50 mm in diameter and 7 mm in height. Their surface was ground and
polished in Struers Tegramin 20 metallographic grinder prior to cryogenic treatment. The procedure
used for surface preparation is detailed in Table 2. In each specimen, one half of this polished surface
was used for testing the properties of the CC before cryogenic treatment. The properties after
cryogenic treatment were then determined on the other half.
Tab. 2. Surface preparation procedure for CC samples.
Process

Wheel type

Lubricant/abrasive

Grinding

MD-piano 500
MD-piano 1200
MD-allegro
MD-Dur
MD-Nap

Water

Polishing

DiaPro Allegro/Largo 9 μm
DiaPro Dur 3 μm
DiaPro Nap B 1 μm

Time
[hours]
1
1
8
0.16
0.16

Load [N]
30
30
30
3
3
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Cryogenic treatment was carried out in a cryogenic chamber at the company European Cryogenic
Institute, s.r.o. Specimens were placed in the chamber and cooled by slow injection of liquid nitrogen.
The process of cooling to the desired temperature of -186oC took 8 hours. It was followed by a 16hour hold and slow reheating to room temperature over 6 hours.
2.2

Characterization Methods

The treated specimens were examined using several separate steps. The first of them was
metallographic analysis. It was performed using CarlZeiss Observer Observer.Z1m light microscope
and PHILIPS XL30 ESEM scanning electron microscope which also offers EDX chemical analysis.
Microstructures of the samples were revealed by chemical etching with Murakami’s reagent. The
procedure was based on ASTM B 657–92 and ISO 4499-4:2016 standards [22, 23]. The micrographs
were analysed using Axio-Vision software. This was followed by measurement of mechanical and
wear properties. Wear properties were assessed using the ball-on-disk method, in which the sample
is worn primarily by abrasion and adhesion. The wear volume was determined in accordance with
ASTM-G99 [24]. The test parameters were as follows: r = 3 mm, force Fn = 30 N, speed 154 rev/min,
number of cycles 20,000 and the diameter of the sapphire ball was 3 mm. Wear rate was expressed
as the wear coefficient:
𝑉

𝑊 = 𝐿∙𝑠 [mm3/N∙m]

(1)

Where:
V… wear volume
L… normal load Fn
s… total test distance
Changes in mechanical properties were assessed by hardness measurement using Vickers scale
with 1 and 30 kgf load in accordance with ISO 3878:1983 [25]. Hardness values were input into
calculations of changes of fracture toughness in the specimens according to ISO 28079 [26].
X-ray diffraction analysis was performed using Panalytical X’Pert PRO automatic powder
diffractometer with  -  goniometer (symmetric geometry). The wavelength of the radiation emitted
by its copper X-ray tube was λKα1 = 0.15405980 nm. Diffraction patterns from all specimens were
collected within the range 30-125° 2. Reference diffraction patterns for all phases were obtained
from the PDF2 database. The diffraction analysis procedure was the same for all the specimens. The
irradiated region under analysis was 20×20 mm.
3
3.1

Results and Discussion
Metallographic Analysis

The purpose of the metallographic analysis was to compare the microstructures prior to and after
DCT according to ASTM B657 – 92 [22]. Microstructure was revealed by Murakami’s etch (5 g
NaOH + 5 g K3Fe(CN)6 + 100 ml H2O). To highlight η phase, the etching time was 5 seconds. For α
and β phases, the time was 4 minutes. Micrographs of specimens before and after cryogenic treatment
are shown in Fig. 1-8. Their magnification was 1000×.
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Fig. 1 Etching for η phase which is coloured brown-orange. CTE30 specimens (15% Co, grains
>6 µm)-left: prior to DCT, right: after DCT.

Fig. 2 Etching for η phase which is coloured brown-orange. CTE20 specimens (10% Co, grain
>6 µm) -left: prior to DCT, right: after DCT.
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Fig. 3 Etching for η phase which is coloured brown-orange. CTS30 specimens (15% Co, grains
0.5-0.8 µm)-left: prior to DCT, right: after DCT.

Fig. 4 Etching for η phase which is coloured brown-orange. CTS20 specimens (10% Co, grains
0.5-0.8 µm)-left: prior to CT, right: after CT.

Fig. 5 Etching for α and β phases. Etching colours α phase blue-grey and β phase white. CTE30
specimens (15% Co, grains >6 µm)-left: prior to DCT, right: after DCT.
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Fig. 6 Etching for α and β phases. Etching colours α phase blue-grey and β phase white. CTE20
specimens (10% Co, grains >6 µm)-left: prior to DCT, right: after DCT.

Fig. 7 Etching for α and β phases. Etching colours α phase blue-grey and β phase white. CTS30
specimens (15% Co, grains 0.5-0.8 µm)-left: prior to CT, right: after CT.

Fig. 8 Etching for α and β phases. Etching colours α phase blue-grey and β phase white. CTS20
specimens (10% Co, grains 0.5-0.8 µm)-left: prior to CT, right: after CT.
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There are almost no visible differences between the structures in the micrographs (structures shows
α phase and β phase), with the exception of specimen CTS30. In this specimen, uncombined carbon
occurred after DCT. According to ISO 4499-4:2016, it is the C-type. These carbon-related defects
might have been present before deep cryogenic treatment because only a few randomly-chosen areas
were examined prior to DCT. This may be due to increased carbon content during WC-Co production.
3.2

X-ray Diffraction Analysis

Residual stress levels were measured on both parts of specimens after their preparation to verify that
the residual stress is uniform. They were identified as “Side A” (tested prior to DCT) and “Side B”
(tested after DCT).
At 120,928° 2ϑ, a diffraction line was found which was eventually omitted from the phase analysis
because it was not present in pertinent reference standard. It was not included in the calculation of
biaxial stresses. The phases differ in their lattice parameters: the majority phase WC has dimensions
a = b = 0.29063 [nm], c = 0.28375 [nm], whereas the other WC phase has a = b = 0.29020 [nm], c =
0.28380 [nm].
Biaxial stresses in all specimens were found by determining the shift of diffraction peaks. Constants
characterizing the materials were used for the calculation. For the specimens with the 10% Co content,
it was Young’s modulus E = 600 GPa and Poisson's ratio ν = 0.226. For the 15% Co content, the
values were E = 550 GPa and ν = 0.231. Stress levels for individual lattice planes are given in Graph
1 for specimens with 10% Co content. Graph 2 includes values for the specimens with 15% Co.
2000
1500
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E = 600 [GPa]
 = 0,226 [-]

Biaxial stress [MPa]
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0
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-1500
-2000
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-3000
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-3500
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Planes direction

Graph 1 Stress levels on lattice planes.
Specimens CTE20 and CTS20 prior to DCT (10% Co).
The graphs show that in each specimen the residual stress profiles are very similar in both parts, such
as i Graph 1, the black and red curves. The stresses in the specimens were found to fluctuate between
tensile and compressive values. Specifically, the stresses ranged from +1789.7 MPa to -4262.3 MPa
in the specimens with 10% Co and from +1216.6 MPa to -2458.2 MPa in those with 15% Co. In
specimens with 10% Co, the stress levels differ with the grain size. With grain sizes under 0.8 µm,
the stresses vary within the transition region and the tensile component dominates. In specimens with
15% Co, there is stress variation as well but compressive stresses are the dominant ones. The
distribution of stress in these specimens is more uniform and less dependent on grain size.
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Graph 2 Stress levels on lattice planes.
Specimens CTE30 and CTS30 prior to DCT (15% Co).
Stress levels in all specimens are DCT are plotted in Graph 3. Graphs 4-7 compare the profiles for
individual specimens prior to and after DCT.
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Graph 3 Stress levels on lattice planes.
Specimens after DCT.
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Graph 4 Comparison of stress levels on lattice planes.
CTE30 specimens (15% Co, grain size > 6µm).
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Graph 5 Comparison of stress levels on lattice planes.
CTE20 specimens (10% Co, grain size > 6µm).
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Graph 6 Comparison of stress levels on lattice planes.
CTS30 specimens (15% Co, grains 0.5-0.8 µm).
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Graph 7 Comparison of stress levels on lattice planes.
CTS20 specimens (10% Co, grains 0.5-0.8 µm).
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Graphs 4-7 show two changes in the material after deep cryogenic treatment. The levels of
stress equalized substantially. With increasing diffraction angle, compressive stresses decreased. In
CTS 20-2 specimen (10% Co, grain size: 0.5-0.8 µm) the stress even reaches the tensile range.
Furthermore, the average magnitude of compressive stresses decreased and the stresses decreased
with increasing 2ϑ.
The phase analysis conducted prior to DCT proved the hypothesis that the dominant phase in
all specimens is tungsten carbide. The following lattice parameters were derived from diffraction
patterns: hexagonal crystal lattice, P-6m2, a = 0.29062 nm, b = 0.29062 nm, c = 0.28378 nm. Other
phases included Co and W2C and CoC3, each of them just above the detection limit of the technique.
In the post-DCT specimens, several differences from the initial condition were found. None of them
was found to contain W2C. Minority non-stoichiometric WC phase of W6C2.54 type was found in the
specimens. However, the amount of this minority phase was below the detection limit. Therefore, it
will not be discussed further. As in the initial specimens, the majority phase was WC. The second
WC phase was identified at 120,928° 2ϑ. Again, it was excluded from the phase analysis. Additional
phases identified in the specimens included, as in the initial condition, Co3C and Co.
Using X-ray diffraction, the impact of DCT on grain size of WC was investigated. Both types (10 as
well as 15% Co) of specimens with grain size > 6µm (CTE30/20) showed smaller and more
uniformly-sized crystallites after deep cryogenic treatment. Graphs for specimens with grain sizes of
0.5-0.8 µm and 10% Co content (CTS20) show an opposite trend up to plane (200), beyond which
the size is almost identical to that in the initial condition. In the specimen with the grain size of 0.50.8 µm and 15% Co content (CTS30), the profile of crystallite sizes is virtually identical with the
initial condition.
3.3

Hardness and Fracture Toughness

Changes in mechanical properties, i.e. hardness and fracture toughness KIC are summarized below,
see Graphs 8, 9 and 10. Graph 8 shows that HV30 values prior to and after DCT do not differ. At a
lower load, HV1, the hardness readings for specimens with a grain size > 6 µm (CTE30/20) are
slightly lower. In specimen (CTS20) with 10% Co content and WC grain of 0.5-0.8 µm, no difference
can be found. In specimen (CTS30) with 15% Co content and WC grain size of 0.5-0.8 µm, there was
a slight increase in HV1 values. Five impressions were made on each specimen. Graph 10 shows that
all post-DCT specimens exhibit lower fracture toughness.

Graph 8 Comparison of hardness - HV30 before and after DCT.
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Graph 9 Comparison of hardness - HV1 before and after DCT.

Graph 10 Comparison of fracture toughness KIC before and after DCT.
3.4

Ball-on-disk wear test

This test was performed in order to assess the materials’ wear resistance. Four wear tracks were made
in each specimen. Wear loss was calculated from their widths according to ASTM G99 and also from
the weight loss and density. Before making the first wear track and after making each one, the weight
of the specimen was measured. As the weight loss was very small, and sometimes an increase in
weight was seen (see Graph 11), the wear coefficient reported here was only calculated from the wear
loss calculated from the wear track width and not from weighing. The paradoxical increase in weight
may be explained with reference to the scanning electron micrograph in Fig. 9. The micrograph is a
close-up view of a wear track with distinctive small white particles. The related energy spectrum
acquired with an EDX detector (Graph 12) contains O Kα and Al Kα peaks. It shows that the ball
suffered wear loss which was not visible to the naked eye. If wear resistance were assessed by
comparing weight losses, specimen CTS30 (15% Co, grains 0.5-0.8 µm) would probably perform
best. The wear coefficient W was evaluated by calculating the weight loss according to ASTM G99.
The results are given in Graph 13. It is clear from the graph that DCT produced neither any
appreciable changes, nor any improvement in or deterioration of wear characteristic related to this
mechanism.
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Graph 11 Weight loss after tribological test.

Fig. 9 Detail of wear track.

Graph 12 EDX energy spectrum.
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Graph 13 Coefficient of wear.
4

Conclusion

The experiments have led to the following conclusions:
- Metallographic examination prior to and after deep cryogenic treatment did not reveal the
presence of any changes of structure. Observation was using SM and SEM. Transmission
electron microscopy (TEM) is necessary to use for reveal the presence (do not presence) of
any precipitates of new phases. Although the deep cryogenic-treated specimen CTS30 was
found to contain uncombined carbon of C type according to ISO 4499-4:2016, the region was
rather small and may not have been found during pre-DCT analysis.
- Residual stress profiles as determined by X-ray diffraction have changed in two respects after
deep cryogenic treatment. First, the levels of stress equalized substantially. With increasing
diffraction angle, compressive stresses decreased. In CTS 20 specimen (10% Co, grain of 0.50.8 µm), the stress level even reached the tensile range. Furthermore, the average magnitude
of compressive stresses decreased and the stresses decreased with increasing 2ϑ.
- Qualitative analysis of phase composition of specimens after DCT demonstrated a few
differences from the initial condition of CC. No post-DCT specimen was found to contain the
W2C phase which was detected in the initial condition. Minority non-stoichiometric WC phase
of W6C2.54 type was found in the specimens after DCT. However, the amount of this minority
phase was below the detection limit. Additional phases identified in the post-DCT specimens
included, as in the initial condition, Co3C and Co.
- X-ray diffraction was also employed to assess the effects of DCT on WC grain size. Both
types (10 as well as 15% Co) of specimens with grain size > 6µm (CTE30/20) showed smaller
and more uniformly-sized crystallites after deep cryogenic treatment. In the specimens with
grain sizes of 0.5-0.8 µm and 10% Co content (CTS20), an opposite trend was seen up to
plane (200) in the graph, beyond which the size is almost identical to that in the initial
condition. In the specimen with the grain size of 0.5-0.8 µm and 15% Co content (CTS30),
the profile of crystallite sizes was virtually identical with the initial condition.
- HV30 hardness values showed no difference between specimens prior to and after DCT.
Measurement at a lower load, HV1, found slightly lower hardness in CTE30 and CTE20
specimens, i.e. the CC with coarser WC grains. In fine-grained specimen CTS20 with 10%
binder content, there was no such decrease. In fine-grained specimen CTS30 with a binder
content of 15% HV1, there was a slight increase in hardness, as opposed to other specimens.
- DCT led to lower values of calculated fracture toughness KIC.
- Ball-on-disk test has not shown any favourable effect of DCT on wear resistance.
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