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Abstract In this study, tribological wear and Brinell hard-
ness number characteristics of Inconel 713 alloy in its as-
received state, following heat treatment was explored. The 
investigation focused on the effects of heat treatment at tem-
peratures of −140 °C and −196 °C for durations of 24, 36, 
and 48 h using DCT Process. At room temperature, Inconel 
713 alloy maintains a stable γ phase with a face-centered 
cubic (FCC) structure, which imparts excellent mechanical 
properties along with corrosion and oxidation resistance. 
However, despite its commendable mechanical traits, the 
alloy demonstrates insufficient wear resistance in cutting 
tool applications, prompting a quest for enhanced wear prop-
erties. Thus, this study endeavors to improve wear resistance 
by subjecting the specimen to a heat treatment environment, 
facilitating the transformation from austenite to martensite 
without embrittlement. Through comprehensive analysis, 
including examination of microstructure, wear behavior, 
and hardness, we aim to elucidate the alloy’s performance 
under these conditions. 
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Introduction

Inconel 713 alloy represents a class of nickel-based super-
alloys renowned for their exceptional high-temperature 
strength, corrosion resistance, and mechanical properties 
[1–3]. Developed primarily for use in demanding aerospace 
and gas turbine engine applications, Inconel 713 has become 
synonymous with reliability in extreme environments. Engi-
neered with a precise balance of nickel, chromium, alu-
minum, and other alloying elements, Inconel 713 exhibits 
remarkable resistance to oxidation and high-temperature 
degradation [4–7]. Its robustness at elevated temperatures 
makes it a preferred material for components exposed to 
extreme heat and stress, such as turbine blades, combustion 
chambers, and exhaust systems [4, 8, 9]. The alloy’s micro-
structure, characterized by a stable γ (gamma) phase with a 
face-centered cubic (FCC) crystal lattice, contributes to its 
superior mechanical integrity and resistance to creep and 
fatigue [1, 10–13]. Additionally, Inconel 713 maintains its 
strength and performance across a wide range of tempera-
tures, ensuring reliability in the most challenging operational 
conditions. Inconel 713’s versatility extends beyond aero-
space to encompass various industrial sectors where high-
performance materials are essential [14–18]. Its ability to 
withstand harsh environments while maintaining structural 
integrity makes it indispensable in applications where dura-
bility and longevity are paramount.

However, some challenges exist and needs addressing 
by the scientific community, few to name uneconomical 
i.e., they are too costly and can be accommodated only to 
specific limited applications [11, 19–21]. They lack prop-
erty of weldability due to its high nickel content and other 
constituent compositions resulting in cracking [22]. Inconel 
713 alloy is known for its poor machinability compared to 
conventional steels [23]. Its high strength and toughness 
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make it difficult to machine, leading to increased tool wear, 
reduced cutting speeds, and lower machining efficiency [24, 
25]. Specialized machining techniques and tooling are often 
required, adding to manufacturing expenses. While Inconel 
713 alloy maintains excellent mechanical properties at high 
temperatures, it may become brittle at low temperatures 
[26]. This can limit its suitability for cryogenic applications 
where materials need to withstand extreme cold without 
becoming brittle or susceptible to fracture.

To surmount the above challenges, there have been sub-
stantial literature cited in the scientific text that discourses 
various pre and post heat treatment procedures, various pro-
cessing routes to resolve these challenges. A decent litera-
ture on various processing methodologies such as powder 
metallurgical process that involves conventional melting, 
casting, forging [27], machining and surface treatment were 
found to be most widely used methods. However, due to 
advent of the technologies, recently additive manufactur-
ing techniques have also been reported in a decent magni-
tude in the scientific community [28, 29]. However, each 
of these methods have their advantages and disadvantages, 
as a result, a more rigorous studies have been investigated 
for various other Inconel alloys subjected to various post 
heat treatment procedures. One such potential solution 
that is widely recognized is subjecting the materials to the 
extremely low temperatures referred to as cryogenic tem-
peratures to a maximum range of −150 °C [30]. From the 
literature, it can be pursued that, the cryogenic treatment 
of the Inconel enhances the stabilization of the microstruc-
ture i.e., reduces residual stress induced due to processing 
at high temperatures and post heat treatments followed also 
it will promote the formation of the finer and uniform grain 
structures along the grain boundaries thus enhancing the 
mechanical strength and toughness [31, 32]. Transformation 
of austenite to martensite enhances the hardness and wear 
resistance due to the re-arrangement of the atoms within the 
crystal structure along various planes [33–35]. Reduction of 
retained austenite phase enhances the harness of the material 
and thus increasing the amenability towards the improved 
machinability, this is attributed to the transformation of 
reduced austenite to a stable martensite phase [36–38]. 
Lastly enhanced wear resistance and improved dimensional 
stability can be achieved when treated at cryogenic environ-
ments [39–42].

Hence in the current work, we investigate the as received 
Inconel 713 alloy for its tribological wear, hardness and 
microstructural characteristics. Followed by further sub-
jected to the specimen to the cryogenic temperatures i.e., 
−140 °C and −190 °C for 24,36 and 48 h for seven number 
of samples for hardness, and seven number of samples for 
wear rate and average of three is noted. Further, we have 

established a structure–property correlation at the end of 
the section in brief.

Materials and Methodology

Cryogenic Treatment

In the current work, procedure for the cryogenic treatment 
was performed at Arctic Cryogenics, Pune. The machine 
used has a capability of maintaining the cryogenic tem-
peratures around −196  °C. The cryogenic furnace can 
complete the cryogenic treatment of the specimen without 
any embrittlement from austenite to martensite and with 
machine completely automated. The re-arrangement of the 
atoms from FCC to cubic tetragonal can be achieved. The 
process involves the soaking of the specimens in the liquid 
nitrogen (LN2) and the temperature rate is fixed to decrease 
1 °C/minute until the desired temperatures of −140 °C and 
−196 °C are achieved. Further the soaking time was pre-
sumed to be 24, 36 and 48 h to finish the complete process 
of the martensite temperature range. The following Fig. 1 
depicts the cryogenic furnace used in the current experiment.

The as received samples were then surface finished for 
further characterizations such as wear, hardness and the 
microstructural characterization through wire EDM pro-
cess to get the desired sample geometries. The work piece, 
which is the cryogenically treated Inconel 713, is mounted 
on the EDM machine. The machine’s settings, including the 
wire tension, power settings, and flushing parameters, are 
adjusted according to the requirements of the job. Follow-
ing which the following specimens were displayed in the 
Fig. 2 below.

Fig. 1  Cryogenic treatment equipment
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Material Characterization

There were fourteen samples prepared in total for both sets 
individually to characterize for the hardness, wear rate and 
microstructural properties. Initially the specimens were 
characterized for tribological wear resistance using pin-on-
disk setup as displayed in the Fig. 3. The wear rate is char-
acterized for all the samples at constant rpm of 500 rpm at 
8 kg load for 30 min with counter face hardened EN8. EN8 
is a medium carbon steel grade commonly used in various 
engineering applications due to its good machinability, wear 

resistance, and toughness properties (52HRC). The diameter 
of the sample 12 × 25 × 30 mm [43–46].

Hardness testing is performed on Brinell hardness to iden-
tify the Brinell hardness number (BHN) and the same machine 
can be referred in the Fig. 4 below. The process of the evalu-
ation of the BHN involves the preparation of the specimen 
which includes the surface finishing ensuring that it is clean. 
The load at which the testing is performed is 150 kg with a 

Fig. 2  Samples during cryo-
genic treatment

Fig. 3  Tribological wear testing machine (Pin-on-disk setup)

Fig. 4  Brinell Hardness tester setup for Hardness Evaluation
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dwell time of 20 s. The BHN was then calculated using the 
formulae

Further microstructural characterization is performed on 
the wear sample for using scanning electron microscopy to 
identify the arrangement of the grain boundaries and grain 
refinement mechanism. The surface morphology of the wear 
samples was using to corroborate the study of the different 
phases using the crystallographic data the mechanical and 
tribological characteristics. Further, for the same materials 
X-Ray Diffraction for the identification of the crystallo-
graphic phases was identified for both treated and untreated 
sample. The XRD confirms the presence of the crystal phase 
and will be able to provide the information of the micro-
structural transformation to corroborate the studies of the 
mechanical and tribological characteristics. A detailed inves-
tigation is reported in the following results and discussion 
section.

Results and Discussion

Correlation of Specific Wear Rate and Hardness After 
Treatment

The samples were initially characterized for the tribologi-
cal wear resistance for all the ten samples, out of the ten 
samples for each of the conditions, the average for the each 
of the specimens for the conditions as discussed earlier 
was reported. The conditions used are temperature ranges 
−140 °C and −196 °C for 24, 36 and 48 h. The wear results 
for the same can be inferred in Table 1 as follows. It can 
have realized that for temperature ranges of −196 °C for 
48 h was found to be the best sample as it has displayed 

HB

=
2 ∗ load

� ∗ diameter ∗ (Diameter −
√

diameter
2 − Indentationdiameter

2)

excellent sliding wear resistance of 13.98*10–7  mm3/min, 
compared to the same for −140 °C. It can also be observed 

that, there is transition of the crystal planes which actually 
reduced the sliding wear resistance indicating further the 
transformation possible for suitability for enhancing sliding 
wear resistance. The untreated and treated at −196 °C indi-
cate enhanced wear resistance also indicating reduction in 
austenite phase. The lowest sliding wear rate was observed 
at 36 h at −140 °C.

The  HRB100 for the treated and untreated samples for var-
ious time of soaking have displayed in the table. For various 
soaking time and the temperature ranges, we have identified 
that at -196 °C for 48 h has displayed the peak hardness 
number of 89 and with lowest of untreated at 70 as reported 
in Table 2. However, the soaking has been improved the 
crystal phase transformation by reducing the austenite phase 

Table 1  Sliding wear resistance of treated and untreated samples

Sl. no Temperature Time of soaking Sliding wear 
resistance  (mm3/
min)

1 Untreated No soaking 8.87*10–7

2  − 140 °C 24 h 4.47*10–7

36 h 2.51*10–7

48 h 4.46*10–7

3  − 196 °C 24 h 3.68*10–7

36 h 6.70*10–7

48 h 13.98*10–7

Table 2  Hardness number for treated and untreated sample

Sl. no Temperature Time of soaking HRB100

1 Untreated No soaking 70
2  − 140 °C 24 h 70

36 h 76
48 h 83

3  − 196 °C 24 h 85
36 h 88
48 h 89

Fig. 5  XRD peaks of untreated Inconel 713 sample
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this allowing the grain boundaries to rearrange themselves 
to a phase that enhances the hardness of the material. But 
further increment in the soaking time and temperature may 
transform the crystal structure or new phase that can reduce 
the hardness. Thus, it is also important to identify the tem-
perature and soaking time which is crucial for enhancing the 
wear and hardness properties.

The XRD crystallography for the treated and untreated 
samples of the Inconel 713 has been displayed below in 
Fig. 5. The γ phase in the figure displays (111), (200), 
(220), (311), (420) for an untreated Inconel 713. The (111) 
is the face centered cubic structure at θ = 41.2 °C and (2 0 
0) with high intensity reflecting the overall crystal structure 
of the specimen and (2 2 0) indicating the crystal planes and 
hence the Inconel 713 in its untreated form exhibit excellent 
mechanicals strength. At the same time, γ’ phase indicating 
the strengthening mechanism. Whereas when the same is 
treated at −140 °C, it can be observed that there is reduc-
tion in the austenite phase and hence the intensity of the 
peak changes and this change can be observed in the follow-
ing Fig. 6 thus attributing towards orientation of the crystal 
phase. At the same time martensite phase is also found to be 
enhanced without embrittlement resulting in the enhanced 
wear resistance [47–51].

In a similar context, when further the temperature is 
increased to −196 °C has displayed a sharp presence of aus-
tenite phase at 24 h, but over the increment in the soaking 
time, the residual stresses have completely been reduced or 
mostly reducing thus resulting in the reduction of the austen-
ite phase and attributing towards complete martensitic phase 
thus attributing to the rearrangements of the atoms within 

the crystal structure along the various planes as can be seen 
in Fig. 7. This mechanism enhances the tribological wear 
and hardness of the specimen and the same can be inferred 
from the results of tribology and mechanical characteristics 
[52–54]. It can be also inferred that; the peak broadening 
can be observed in (200) plane indicating the presence of the 
smaller grain sizes. The low temperatures must have acceler-
ated the precipitation of fine carbides and other secondary 
phases, introduced additional peaks or modified existing 
ones. One of the interesting aspects is, we haven’t seen dras-
tic peak variations because of the low rate of temperature 
i.e., 1°/min. Similar context, as the soaking time increased 
the phase transformation and degree of peak started to alter.

Fig. 6  XRD peaks of treated 
Inconel 713 sample at −140 °C

Fig. 7  XRD peaks of treated Inconel 713 sample at −196 °C



 J. Inst. Eng. India Ser. D

1 3

The following Fig. 8 displays the untreated Inconel 713 
alloys subjected to tribological wear and it can be understood 
that the material exhibited the FCC γ nickel matrix with γ’ 
intermetallic precipitates. The wear properties completely 
depend on the size, shape and distribution of γ’ interme-
tallic precipitates. It can be corroborated that the enhance-
ment of the wear resistance is attributed to the uniform 
shape and size of the γ’ intermetallic precipitates followed 
the increased γ’ intermetallic precipitates size as shown int 
the figure. As the temperature is decreasing further, a fine 
grain structures have been evolved as can be observed in the 
Figs. 8 and 9 below. But it must also be taken care that the 
increase in the cryogenic exposure will lead to ductile–brittle 
transition and material may tend to fail in brittle fracture.

The Fig. 9 displays the wear structures indicating that 
residual stresses stabilizing the surface microstructure of 
alloy, making them more resistant to phase transformations 
and microstructural changes that occur during wear pro-
cesses. This stability helps maintain the material’s integrity 
and mechanical properties, prolonging its wear life. The 
Fig. 10 displays the perfect structure with small craters that 
can be observed indicating the absence of complete ternary 
alloys and reduced stress relaxation due to larger soaking 
time resulting in surface cracks. It may also be extrapolated 
that cryogenic treatment affects the texture of titanium alloys 
as well as the distribution of crystallographic orientations 
inside the material. An unfavourable texture distribution can 
result in anisotropic mechanical characteristics, in which the 

Fig. 8  SEM of untreated 
Inconel 713 wear sample

Fig. 9  SEM micrography of treated Inconel 713 sample at −140 °C
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material has varying strengths and ductility in various direc-
tions. These residual stresses can cause localised regions of 
high stress concentration, making the material more prone to 
brittle fracture, especially under applied pressures.

Conclusions

The current work found that there is a substantial enhance-
ment in the sliding wear resistance and hardness in the sam-
ples when subjected to the cryogenic treatment. The param-
eters used in the cryogenic treatment i.e., soaking time and 
temperature have showed significant effect on the mechani-
cal hardness and tribological wear properties. It is also evi-
dential that there is a reduction in the structural phase of 
the material to the martensite very clearly from the XRD 
crystallography as result of reduction in the peak size attrib-
uting towards the reduction of austenite state and increment 
in the stable martensitic γ phase. This is intriguing that the 
residual stress also reduced ensuing that the stress relaxation 
process has been induced increment in the tribological wear 
which can be observed as a craters in the SEM micrographs. 
Overall, cryogenic treatment can have significant positive 
effects on the surface stability of materials by promoting the 
formation of a more stable microstructure, reducing residual 
stresses, enhancing wear resistance, and improving dimen-
sional stability. 
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