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Abstract: High Speed Steels (HSS) are commonly used tool materials in medium and small scale industries owing to their 
versatility and economic production of tools. Since its inception, HSS has undergone many modifications giving rise to several 
types of HSS tool materials for enhanced tool life. Cryogenic treatment of tool steels is a proven technology to increase wear 
resistance and extend intervals between component replacements for blades, bits, machining mills etc, hence the improved 
surface quality of the machined parts. It is a sub-zero thermal treatment generally given to ferrous tool materials. In this 
treatment the tool materials are subjected to below -186oC (-302oF) for different soaking period in well-insulated chambers by 
using liquid nitrogen (LN2). In this study sliding abrasion wear behavior tests were conducted as per ASTM G99-05 guidelines. 
Frictional force as well as coefficient of friction at the interface between pin and disc was investigated during wear test. The 
shallow and deep cryogenically treated samples had shown less weight loss and better wear resistance as compared to 
conventionally heat treated at both the loads. Also, it was observed that the coefficient of friction at the interface between disc 
and pin was lesser in the case of deep cryogenically treated specimen. 
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I. LITERATURE REVIEW 
Review of literature is a beneficial step in order to become familiar with the already established procedures and techniques for the 
particular research topic. It is also helpful in avoiding of duplication of work and wastage of time. 
Kumar et al. (2000) discussed availability of hard facing materials and considered the factors for their right selection like the alloy 
chemistry, the cost factor and area of application. The economic profit of the process depends on choices application of hard facing 
alloy and its chemical composition. Three of different compositions materials layers have been hard faced on the piece of mild steel 
engaged in the soil agricultural implements. The hard facing was given to the material by means of open arc welding technique. 
Abrasive test and microstructure using SEM was studied. It was found that the hard faced alloys have less wear rate than mild steel 
and the hard faced alloys consisting of highest chromium content exhibited the lowest wear rate. Korkut I. et al. (2004) carried 
turning tests to determine optimum machining parameters for machining of AISI304 austenitic stainless steel. In their study they 
found that the optimum cutting speed leads to lowest tool flank wear. The tool flank wear decreased with the increase in cutting 
speed up to 180m/min. The lower cutting speed was held accountable for more heat generation at the tool tip and ultimately for the 
poor performance of the tool. (ASTM. 2005)  The wear resistance of materials is usually tested by performing wear tests on a 
laboratory equipment named tribometer. A standard laboratory test that simulates the severe conditions of mechanical components is 
the pin-on-disc wear testing machine, according to the ASTM G99-05 standard. Khrais S.K. et al. (2007) conducted studies on the 
tribological influences of TiAlN coatings on the wear of cemented carbide inserts. It was seen that the cutting speed significantly 
affects the machined surface roughness values. Lower cutting speed and lower feed reflected the longest tool life. Zhirafar et al. 
(2007) observed that for both conventional heat treatment and cryogenic treatment on 4340 steel, as tempering temperature 
increased, impact energy first decreased at 300oC (573 K), and then increased to higher value at 455oC(728 K), when tempered in 
the temperature range between 250oC and 400oC (523 and 673K). This behavior is known as “temper embrittlement” of steel. 
Feyzullahoglu E. et al. (2008) discussed the tribological behavior of tin based alloys and brass in oil lubricated conditions. It is 
shown that the brass under oil lubrication performed better than tin based alloys due to its hardness. The wear in brass is lower than 
the tin‐based alloys under similar tribological conditions. Gill S.S. (2012) used Taguchi technique to optimize the controllable DCT 
process parameters for AISI M2 high speed steel (HSS) turning tools to maximize tool life by minimizing flank wear. The Taguchi 
design results confirmed that soaking temperature appreciably reduces the flank wear with contribution of 72.04%, followed by 
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soaking period with contribution of 23.78%. The third major factor was cooling rate with contribution of 9.54%. The least 
significant factor acknowledged was tempering temperature with contribution of 2.74% whereas tempering period was found out to 
be trivial. Patil N. et al. (2014) conducted review to compare cryogenic treated tool (HSS) and untreated tool (HSS) and also to 
show new development in predicting tool life and tool wear. The tool life is increased by 19% for M2 grade HSS single point 
cutting tools. From SEM analysis, it is evident that refinement of carbides is more in case of cryogenically treated HSS tools in 
comparison to that of untreated tools. Vorozhtsov S. A. et al. (2015) presented the results obtained from investigations into the 
microstructure and physical-mechanical and electrical properties of cast aluminum-based alloys reinforced with nano-diamonds. It 
was found from the study that, addition of the diamond nano-particles had changed the structural parameters and also improved the 
mechanical properties of materials. 
 

II. PROBLEM FORMULATION 
Tool wear in machining is defined as the amount of volume loss of tool material on the contact surface due to the interactions 
between the tool and work piece. Specifically, tool wear is described by wear rate (volume loss per unit area per unit time) and is 
strongly determined by temperature, stresses, and relative sliding velocity generated at the contact interface. Metal cutting tools are 
subjected to extremely arduous conditions, high surface loads, and high surface temperatures arise because the chip slides at high 
speed along the tool rake face while exerting very high normal pressures (and friction force) on this face. The forces may be 
fluctuating due to the presence of hard particles in the component microstructure, or more extremely, when interrupted cutting is 
being carried out. Wear occurs even to the hardest of materials, including diamond, wear studies having focused on surface damage 
in terms of material removal mechanisms, including transfer film, plastic deformation, brittle fracture and tribo chemistry. 

III. METHODOLOGY 
A. Cryogenic Treatment 
Three different groups of specimens of AISIM2 tool steel were formed, one group was conventionally heat treated (CHT) with no 
extra treatment, second shallow cryogenically treated (SCT) and third deep cryogenically treated (DCT). Each group contains 
specimens for wear behavior testing. It is important to note that shallow and deep cryogenic treatment was executed after 
conventional heat treatment.  

 
Fig. 2: Steps of Cryogenic Treatment 

In CHT the specimens were subjected to austenitizing at 1190oC and quenching was performed in salt bath and consequent 
tempering was done at 450oC for 2hours. Second group of specimens meant for SCT was further subjected to cooling at -84oC/ -
110oC and held at this temperature for 18 hours and gradually brought back to room temperature. Similarly, last group of specimens 
meant for DCT was subjected to cooling at -196oC and held for 24 hours and gradually brought back to room temperature. Post 
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tempering at temperature of 150oC was done for group 2 & 3 specimens after cryogenic treatment.  Cryogenic treatment on tools 
was conducted at Institute for Auto-Parts and Hand Tools Technology, Ludhiana, Punjab (India).  
A recommended thermal cycle for this tool material was used, consisting of cooling to a temperature of -84◦C and -196◦C for SCT 
and DCT respectively, followed by heating to a temperature of +150oC for post tempering, Fig.4.2 illustrates this thermal cycle.  

B. Wear Testing 
Wear resistance tests were carried out on conventional heat treated specimens and cryogenic treated specimens. Shallow cryogenic 
treated specimens as well as deep cryogenically treated specimens were considered for wear studies. The wear test was conducted 
according to ASTM G99-05(2005) by using the wear testing machine with the Pin-on-Disc method. The Pin-on-Disc wear testing 
machine is shown in Figure 1. Small cylindrical pins of φ08 mm x 30 mm length were produced from AISIM2-HSS tool material.  

 
Figure 1:  Pin-on-Disc wear test machine 

 
Total 18 pins were prepared for this purpose and shown hereby as per Figure 2. Ends of the pins were polished and cleaned with 
emery of 1000 grit size before loading them for wear study. Three different groups of pins were obtained, conventionally heat 
treated pins (CHT) with no extra treatment, shallow cryogenic treated pins (SCT) and deep cryogenically treated pins (DCT). Each 
group   contained 6 pins. It is pertinent to mention here that shallow and deep cryogenic treatment was conducted after conventional 
heat treatment.  

 
Figure 2: Specimens used for the wear behavior test 

 
During the experiment, the samples weight reduction was calculated by a digital scale with 0.0001g precision. The abrasion test was 
conducted at different sliding speeds as well as loads and at atmospheric temperature. Discs made of En24 with nominal 
composition of C - 0.41%, Mn - 0.57%, Si - 0.24%, S - 0.01%, P - 0.03%, Cr - 1.21%, Ni – 1.47%,Mo – 0.28%, as per the standard 
size suitable for the wear tester, were used for this purpose. Surface disc was polished and cleaned with alcohol and dried before 
mounting it on the wear tester. 
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IV. EXPERIMENTATION 
A. Wear Behavior Testing 
The test for conventionally heat treated, shallow and deep cryogenically treated samples were performed at different sliding speed 
i.e. at 1.04, 1.57 and 2.08 m/sec at two load 30, 60 N while track radii was kept constant i.e. 50 mm.  

Table 1: Coding of the samples 
Sample no. Type of treatment Load (N) Sliding speed (m/s) Coding no. 

1.  Conventionally heat treated 
(CHT) 

30 1.02  CHT-13 
2.  30 1.57  CHT-23 
3.  30 2.08  CHT-33 
4.  Shallow cryo treated 

(SCT) 
30 1.02  SCT-13 

5.  30 1.57  SCT-23 
6.  30 2.08  SCT-33 
7.  Deep cryo treated  

(DCT) 
30 1.02  DCT-13 

8.  30 1.57  DCT-23 
9.  30 2.08  DCT-33 
10.  Conventionally heat treated 

(CHT) 
60 1.02  CHT-16 

11.  60 1.57  CHT-26 
12.  60 2.08  CHT-36 
13.  Shallow cryo treated 

(SCT) 
60 1.02  SCT-16 

14.  60 1.57  SCT-26 
15.  60 2.08  SCT-36 
16.  Deep cryo treated 

(DCT) 
60 1.02  DCT-16 

17.  60 1.57  DCT-26 
18.  60 2.08  DCT-36 

 
The different rotational speeds (400, 600, 800 rpm) of disc for all the cases was adjusted to maintain linear sliding velocity at 
respective value 1.04, 1.57 and 2.08 m/sec. A variation of ± 5-disc rpm is noticed in the disc speed. Three different group of pins in 
which six conventionally heat treated, six in each shallow and deep cryogenically treated. Each pin of different treatment operates at 
different rpm. Accordingly, pins were coded for proper identification as mentioned in Table 1. 
1) Cumulative weight loss :Weight loss of each sample was measured after 5,5,5, 10,10,10,15 minutes to conclude the wear loss. 

The pin was required to remove from the holder to cool down at room temperature. It is efficiently brushed after each run to 
remove wear debris, weighed and then fixed in holder to keep the orientation of the sliding surface remains unchanged. The 
weight of the samples was measured before and after the test to calculate the wear loss from cumulative weight loss 

2) Coefficient of friction and frictional force: The coefficient of friction (COF) is determined from the frictional force which can 
be directly measured from the wear testing machine and normal load which has been plotted against the sliding time, it gives 
the frictional behavior of all the three different types of samples. It is calculated by the following equation: 

                                                    COF = ி௧ ி (ே)
ௗ ௗ (ே)

 

Where frictional force can be directly measured from wear testing machine (N) and applied load is the load applied during wear test. 

V. RESULTS AND DISCUSSIONS 
A. Wear Testing 
The wear test of the 18 samples consisting of conventionally heat treated, shallow cryogenically treated and deep cryogenically 
treated were carried out at two different Loads of 30 and 60 N as well as three different sliding speeds of 1.02, 1.57 and 2.08 m/sec 
(400, 600 and 800 rpm respectively). The line graphs showing the cumulative weight loss (CWL) at different loads i.e. 30 N and 60 
N and three sliding speeds in one cycle (60min) were drawn for each conventionally heat treated, shallow and deep cryogenically 
treated samples. 
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B. Cumulative Weight Loss (Clw), Coefficient Of Friction And Frictional Force 
It is observed from the Figures 3 to 8 that shallow and deep cryogenically treated samples have shown less weight loss and better 
wear resistance as compared to conventionally heat treated samples at a load 30N. Figure 3 to 5 showed that shallow cryogenically 
treated sample at sliding speed 2.08 m/sec has only marginal increase in cumulative weight loss as compared with deep 
cryogenically treated. The corresponding CWL for deep cryogenically treated is almost two times less as compared to 
conventionally heat treated sample on the same speed. It is further observed from the Figure 6 to 8 that shallow and deep 
cryogenically treated samples have shown less weight loss and better wear resistance as compared to conventionally heat treated at a 
load 60N. Results indicated that shallow cryogenically treated sample at sliding speed 2.08 m/sec has only marginal increase in 
cumulative weight loss when compared with deep cryogenically treated. The corresponding CWL for deep cryogenically treated 
sample is almost two times less as compared to conventionally heat treated sample on the same speed. 

 
Figure 3: Wear behavior of CHT samples (sliding velocity 1.04m/sec, 1.57 

m/sec, 2.08 m/sec and load 30N) 
 

 
Figure 4: Wear behavior of SCT samples (sliding velocity 1.04m/sec, 

1.57m/sec, 2.08 m/sec and load 30N) 
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Figure 5: Wear behavior of DCT samples (sliding velocity 1.04m/sec, 

1.57m/sec, 2.08 m/sec and load 30N) 
 

 
Figure 6: Wear behavior of CHT samples (sliding velocity 1.04 m/sec, 1.57 

m/sec, 2.08m/sec and load 60N) 
 

 
Figure 7: Wear behavior of SCT samples (sliding velocity 1.04 m/sec, 1.57 

m/sec, 2.08 m/sec and load 60N) 

0

0.2

0.4

0.6

0.8

1

5 5 5 10 10 10 15

C
um

m
ul

at
iv

e 
w

ei
gh

t l
os

s 
(1

0-2
gm

s)

Time (min)

DCT-
33

0

0.5

1

1.5

2

2.5

3

5 5 5 10 10 10 15

C
um

m
la

tiv
e 

w
ei

gh
t l

os
s 

(1
0-

2 g
m

s)

Time (min)

CHT- 36
CHT- 26
CHT- 16

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

5 5 5 10 10 10 15C
um

m
ul

at
iv

e 
w

ei
gh

t l
os

s 
(1

0-2
gm

s)

Time (min)

SCT- 36

SCT- 26

SCT- 16



International Journal for Research in Applied Science & Engineering Technology (IJRASET) 
                                                                                           ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor :6.887 

   Volume 6 Issue I, January 2018- Available at www.ijraset.com 
     

81 ©IJRASET (UGC Approved Journal): All Rights are Reserved 

 
Figure 8: Wear behavior of DCT samples (sliding velocity 1.04 m/sec, 

1.57 m/sec, 2.08 m/sec and load 60N) 

Table 8: Cumulative weight loss, coefficient of friction and frictional force at 
interface between Pin and Disc 

Load Sliding 
velocity 
m/sec 

CHT SCT DCT 
Wt.  loss 

(10-2)  
gm 

Frictio-
nal 

force 

Coeff. of 
friction 

(µ) 

Wt.  loss 
(10-2)  
gm 

Fricti- 
onal 
force 

Coeff. of 
friction 
(µ) 

Wt. loss 
(10-2) 
gm 

Fricti- 
onal 
force 

Coeff. of 
friction 

(µ) 
 

30N 
1.04 0.40 13.2 0.44 0.31 14.0 0.47 0.21 12.0 0.40 
1.57 0.58 12.0 0.40 0.38 8.6 0.29 0.28 4.8 0.16 
2.08 0.79 10.2 0.34 0.56 6.9 0.23 0.38 3.6 0.12 

 
60N 

1.04 0.60 8.6 0.14 0.44 5.8 0.097 0.32 2.4 0.04 
1.57 0.81 10.6 0.28 0.57 7.4 0.12 0.41 4.2 0.07 
2.08 1.20 9.8 0.16 0.80 9.1 0.15 0.63 7.8 0.13 

 
 
Coefficient of friction (COF) often symbolized by the Greek letter µ is a dimensionless scalar value which describes the ratio of the 
force of friction between two bodies and the force pressing them together. Coefficient of friction can be measured on a tribometer. A 
tribometer is also used to measure other tribological quantities such as wear volume and frictional force. The values of cumulative 
weight loss, coefficient of friction and frictional force (Figure 9 and 11) at Interface between Pin and Disc was recorded and 
mentioned in Table 10. 

 
Figure 9: Effect of speed and load on co-efficient of friction 
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Figure 10: Effect of speed and load on weight loss 

 

 
Figure 11: Effect of speed and load on frictional force 

The Figure 9 assist to infer that coefficient of friction (µ) at the interface between pin and disc was found to be lesser in the case of 
deep cryogenically treated pins than conventionally heat treated pins. For instance, at a velocity of 1.04 m/sec and a load of 60N, µ 
value is 3.5 times in the case of CHT pin than DCT pin. At a load of 60N and speed of 1.57 m/sec the ratio of μ between CHT and 
DCT pin is 4 and it reduces to 1.23 with the further increase in velocity to 2.08 m/sec. The ratio of µ between CHT and SCT at the 
same load and all the three speeds 1.04, 1.57 and 2.08 m/sec and same load of 60N is 1.44, 2.33, 1.06 and between SCT and DCT it 
is 2.4, 1.7, 1.15 respectively. The corresponding force of friction has also been found less in case of DCT samples as compared to 
CHT. It is clearly evident that tribological conditions prevailing at the interface between pin and disc plays significant role on the 
coefficient of friction and consequently on the frictional force acting at the interface. It is also very sensitive to sliding velocity. Also 
it was observed that the coefficient of friction at the interface between disc and pin was 30 – 55 % lesser in the case of deep 
cryogenic treated specimen. It was observed from Figure 10 that the deep cryogenic treatment improves the wear resistance of the 
sample for about 50%. This improvement is a consequence of retained austenite elimination, better uniform carbide distribution. It 
also reveals that with increasing the sliding speed, the wear rate increases gradually.  

VI. CONCLUSION 
The shallow and deep cryogenically treated samples have shown less weight loss and better wear resistance (50-55%) as compared 
to conventionally heat treated. The cumulative weight loss for deep cryogenically treated M2-HSS sample is almost two times less 
as compared to conventionally treated sample on different wear conditions. Also it was observed that the coefficient of friction at 
the interface between disc and pin was 30 – 55 % lesser in the case of deep cryogenic treated specimen. It was observed that the 
deep cryogenic treatment improves the wear resistance of the sample for about 50%. Fine precipitates of carbides formed during 
deep cryogenic treatment increased the wear resistance by dispersion hardening effect. 
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