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The main goal of this paper is to present experiments exploring the effect of cryogenic treatment on the properties 

of cemented carbides. The experimental materials were chosen from three basic groups of cemented carbides with 

different binders and different WC grain sizes. One half of the specimens were cryogenically-treated, whereas the 

other half were in the as-received condition. The specimens were ground and polished using metallographic pro-

cedures. Effects of cryogenic treatment were studied by metallographic observation using light and scanning 

electron microscopes, by X-ray analysis of phase composition and by measuring Vickers hardness and KIC fracture 

toughness. It was found that residual stresses in specimen surface decreased after cryogenic treatment. The KIC 

fracture toughness of the specimens increased.  
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 Introduction 

Cemented carbides (CC) are best known as cutting 
tool materials. The reason for their use is that they contain 
hard tungsten carbide (WC) particles and a binder phase 
(most often cobalt) which provides toughness. Tungsten 
carbide provides sufficient hardness and wear resistance. 
By choosing the right combinations of binder and car-
bides, one can effectively control the properties and field 
of application of the particular product. The properties 
and applicability of a cemented carbide depend not only 
on its phase composition but also on its coating and heat 
treatment. [1-2]  

According to current articles on heat treatment of ce-
mented carbide tools , cryogenic treatment can extend 
their life and improve their wear resistance by up to seve-
ral tens of percent [3-4]. 

Tab. 1 Cemented carbides used for making the specimens 
CC 
type 

Grain size 
(µm) 

Binder 
type 

Binder content 
(wt. %) 

A 0.5-0.8 Co 12 
B 0.5-0.8 Ni 12 
C 3-9 Co 10 

 
This paper presents the results of experiments asses-

sing the suitability of this heat treatment method for three 
types of cemented carbides. The differences between 
them were in the carbide grain size and in the binder type 
and content, as detailed in Tab. 1. 

One half of these specimens were cryogenically tre-
ated whereas the rest remained in the as-received con-
dition.  The specimens were cryogenic processed by Eu-
ropean Cryogenic Institute s.r.o. Prior to analysis, the spe-
cimens were ground and polished metallographically. 
The purpose of the metallographic analysis was to iden-
tify microstructural differences between cryogenically-
treated and as-received specimens. Their mechanical pro-
perties were determined using Vickers hardness measure-
ment and by calculating fracture toughness according to 
Palmqvist [4-5]. Phase composition was determined by 
X-ray analysis. Residual stress levels were measured in 

the specimens. 

 Results and discussion 

2.1 Metallographic examination and phase analysis 

The goal of the metallographic analysis was to deter-
mine volume fractions of phases on metallographic secti-
ons in cryogenically-treated and as-received specimens in 
accordance with ASTM B657 – 92 standard [6]. η-phase 
and α-phase were highlighted using the Murakami rea-
gent. γ-phase was revealed using Murakami and an aque-
ous solution of hydrochloric acid. The etching times were 
between 2 seconds and 6 minutes, depending on the 
phase of interest. Figs. 1–3 below show micrographs of 
cryogenically-treated and as-received specimens. Fig. 4 
gives the results of phase analysis. 

No η-phase was found by metallographic examination 
using a Zeiss-Observer Z1m light microscope in A–C 
specimens prior to or after cryogenic treatment, Fig. 1. No 
other types of γ-phase carbides were found either, Fig. 2. 
The fact that the specimens only contained α-phase, i.e. 
tungsten carbides (WC), and β-phase, i.e. Co or Ni binder, 
was confirmed by X-ray phase analysis, Fig. 4. 

This indicates that cryogenic treatment leads to no dis-
tinct changes in the structure, which is in agreement with 
published studies [7–8]. These studies explained the main 
cause of the enhanced wear resistance of cemented car-
bides as structural changes in the binder. Specifically, ac-
cording to them, it was an increase in the fraction of η-
phase. However, this phase was not found in the present 
specimens. If its volume in these specimens indeed chan-
ged, it was lower than the detection limit of the X-ray 
equipment used and lower than the resolution limit of the 
light microscope. The other cause reported in studies is 
coarsening and spheroidisation of WC grains due to self-
diffusion of carbon on the WC-cobalt interface. However, 
this phenomenon is impossible to detect by metallo-
graphic analysis. Nevertheless, it can be expected to play 
a more important role in fine-grained grades with higher 
free energy levels, which is why their carbide grains 
should spheroidise more readily as a result of cryogenic 
treatment.  
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Fig. 1 Microstructure of cryogenically-treated (right) and as-received (left) specimen A. The focus was on η-phase. The 

etching colours η-phase brown-orange, magnification 1000× 

     

Fig. 2 Microstructure of cryogenically-treated (right) and as-received (left) specimen A. The focus was on γ-phase. The 
etching colours γ-phase brown-yellow, magnification 1000× 

     

Fig. 3 Microstructure of cryogenically-treated (right) and as-received (left) specimen A. The focus was on α-phase and 
β-phase. The etching colours α -phase grey and β-phase white, magnification 1000× 
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Fig. 4 X-ray phase analysis of a specimen of cemented 
carbide A. Phase composition was analysed before and 

after cryogenic treatment 

2.2 Analysis of residual stress 

The goal was to assess the evolution of residual stres-
ses in cemented carbides as a result of cryogenic tre-
atment. 

The measurement was carried out using a theta-theta 
goniometer X´Pert PRO MPD from PANalytical. An X-
ray source with a cobalt anode and crossed grids of 2×1 
mm2 size were used. Eleven ψ angle values were em-
ployed, i.e. sin²ψ = 0-0.5 varied in steps of 0.1, for both 
positive and negative angle values. The {112} diffraction 
line of the hexagonal-structure WC phase was analysed. 
The results are given in Table 2 and Figure 5. 

Tab. 2 Measured residual stresses in cryogenically-treated and as-received specimens 
CC 
type 

As-received specimens Cryogenically-treated specimens 
Longitudinal di-

rection 
Transverse direction Longitudinal direction Transverse direction 

A -2399±90 -2389±112 -2011±86 -1949±75 
B -1917±44 -1766±92 -1359±55 -1566±82 
C -1443±90 -981±78 -1364±54 -1112±46 

 

Fig. 5 Calculated residual stress levels 
 
It follows from the above graph that residual stresses 

were relieved in all types of cemented carbides during 
cryogenic treatment. The differences in stress levels in as-
received specimens arose mainly from the cemented car-
bide chemical composition and WC grain size.  

Authors of specialist papers offer different opinions 
on post-cryogenic treatment residual stresses. Some stu-
dies reported an increase in residual stress levels [9-10] 
whereas others mentioned the opposite [8]. The reason is 
that each of these studies used a different cryogenic tre-
atment method, i.e. different heating and cooling rates, 

temperatures and times at temperature. Besides, specimen 
preparation plays a significant role as well. Rough grin-
ding as well as cryogenic treatment substantially alter the 
residual stress.  

2.3 Mechanical properties 

Hardness was measured by means of the DuraScan 50 
automatic hardness tester from Struers. Fracture tou-
ghness was calculated using the Palmqvist relationship: 
see Equation 1-2 below[5]. 

 %& � '
�
  (1) 

 %( � ) ∙ √+� ∙ ,%&-�./�0/12 (2) 
Where: 
P stands for the indentation load; T is the total length 

of cracks; A is a constant equal to 0.028; and HV is Vic-
kers hardness 

HV30 macrohardness was measured and used for 
calculating the fracture toughness KIC. In addition, HV0.1 
microhardness was measured which was expected to re-
flect more accurately the microstructural changes related 
to cryogenic treatment. Macrohardness, microhardness 
and fracture toughness values are given in Table 3 and 
Figs. 6–7. Indents and cracks produced during Vickers 
hardness testing were measured using a PHILIPS ESEM 
electron microscope and magnifications of 1500–3500×.

Tab. 3 HV30 and HV0.1 hardness and fracture toughness of cemented carbides 

Sample 
As-received specimens Cryogenically-treated specimens 

Hardness, HV30 
Hardness, 

HV0.1 
KIC(Palmqvist) 

Hardness, 
HV30 

Hardness, 
HV0.1 

KIC(Palmqvist) 

A 1596±33 1703±78 10.5±0.1 1638±34 1847±55 10.8±0.1 

B 1530±23 1675±104 11.6±0.3 1523±20 1667±53 12.3±0.3 

C 1217±9 1528±117 17.4±0.5 1183±20 1469±118 25.9±3.6 
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Fig. 6 HV30 and HV0.1 hardness of cryogenically-treated and as-received specimens. The graph on the left shows mea-
sured HV30 hardness values and the one on the right contains HV0.1 values

 

Fig. 7 Fracture toughness KIC of cryogenically-treated 
and as-received specimens 

 
Specimens of B and C types showed a decrease in 

hardness after cryogenic treatment. Type A exhibited an 
increase in hardness. This was confirmed by microhard-
ness testing, see Fig. 6.  

It is likely that the decrease in hardness of B and C 

specimens was related to a relief of residual stresses in the 
course of cryogenic treatment.  

In addition, the measurement of hardness was pro-
bably influenced by evolution of various types of 
microstructures during cryogenic treatment. As menti-
oned above, hardness may also depend on the volume 
fraction of η-phase. The region in which this phase pri-
marily forms is linked to the carbide-binder interface. In 
fine-grained cemented carbides, the interface area 
between the binder and tungsten carbides is larger which 
means that the region in which carbon may diffuse into 
the binder is expanding. In coarse-grained type C speci-
mens, the growth of η-phase could not have been as ex-
tensive because the contact surface between carbide gra-
ins and binder was smaller. By contrast, η-phase was ex-
pected to form in cryogenically-treated fine-grained ce-
mented carbide A. However, this was not confirmed by 
either phase analysis or metallographic observation. 
Hence, there was no contribution from this phase to the 
increase in hardness. In type B specimens whose binder 
consisted of nickel, hardness did not increase because of 
the low solubility of carbon in nickel, see Fig. 8. 

 

Fig. 8 Co-C and Ni-C binary diagrams. The Co-C binary diagram is on the left. The Ni-C binary diagram [11] is on the 
right 

 
In this type of cemented carbide, hardness might have 

been affected by formation of a Ni-C eutectic on the in-
terface between WC grains and Ni binder. This newly-
formed phase might have reduced both residual stress and 

hardness levels.  
Another factor reported by the studies as the cause of 

an increase in hardness upon cryogenic treatment is shear 
(martensitic) transformation of high-temperature face-
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centred cubic α-Co phase to hexagonal ε-Co. The ε-Co 
phase exists below 422°C, see Fig. 8. It has higher hard-
ness and wear resistance than α-Co. The above-cited stu-
dies reported that the fraction of newly-formed ε-Co de-
pended on the volume percentage of cobalt. At lower co-
balt contents, the volume fraction of newly-formed ε-Co 
was higher. [9]  

Despite that, the coarse-grained type B which had a 
lower binder content than the other CC types did not exhi-
bit the expected increase in hardness. This is related to the 
fact that the interparticle spacing, which is the distance 
between tungsten carbide grains, is larger in this type than 
in the A and C types. For this reason, the formation of 
new ε-Co phase in this cemented carbide type could not 
have been as intensive as in the fine-grained type A car-
bide.  

In all types of cemented carbides (A-C), fracture tou-
ghness KIC increased as a result of cryogenic treatment, 
see Fig. 7.  

This can be explained by the fact that residual stresses 
were relieved during cryogenic treatment. At room tem-
perature, carbide grains are subjected to compressive 
stress exerted by the binder. [4] By contrast, the binder is 
under tensile stress. A decrease in compressive stress is a 
result of a decrease in tensile stress in the binder. This 
phenomenon enhances the toughness of the binder, and 
thereby hinders propagation of cracks which initiate at the 
carbide grain-binder interface during hardness testing.  

 Conclusion  

Based on these experiments, it can be stated that cry-
ogenic treatment significantly affects the behaviour and 
properties of cemented carbides.  

It was found that an appropriate method of cryogenic 
treatment can increase their fracture toughness value 
(KIC). It was proven that residual stress levels can be re-
duced. 

Furthermore, it was found that the formation of the ε-
Co phase does not depend solely on the volume fraction 
of the binder in a cemented carbide but also on interpar-
ticle spacing, a parameter which indicates the distance 
between carbide grains. Interparticle spacing depends on 
both binder content and carbide grain size.  

Metallographic examination of the specimens did not 
provide evidence of the presence of η-phase or γ-phase 
before or after cryogenic treatment. Changes in the phase 
composition or presence of the above phases were not 
confirmed by X-ray phase analysis either.  

Microhardness testing, however, indicated certain 
microstructural changes in the fine-grained type A car-
bide. It has shown that cryogenic treatment caused ce-
mented carbide A to develop higher hardness despite a 
decrease in residual stress levels. Those stresses also 
affect this measurement, as manifested in B and C type 
specimens. 

The next phase of this study will involve experiments 
whose purpose will be to explore the ways in which cry-
ogenic treatment affects tribological properties of cemen-
ted carbides and, ultimately, the cutting properties of 
cutting tools, particularly the life of the cutting part of a 
tool.  
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