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Abstract 

The present work investigates the wear behavior of Inconel 718 alloy processed by 

machining and subsequent heat-treatment. As-machined chips were heat-treated at 700 °C, 

800 °C, and 900 °C, all for a short duration of 15 min, followed by water quenching to allow 

the precipitation of γI and γII phases. Microstructural analysis of the processed Inconel 718 

chips revealed the formation of nano-size precipitates either along the grain boundaries or at 

the triple junctions, which contributed to the improved mechanical property compared to the 

solution annealed sample. It was found that the chips heat-treated at 700 °C possessed the 

highest average hardness (548 Kgf/mm2) among all the sample conditions. High hardness of 

as-machined chips and short heat-treatment at 700 °C led bimodal microstructure and 

precipitation pining resulting in maximum wear resistance compared to other heat-treatment 

conditions. Subsequently, to verify the outcome, worn surface analysis of as-machined and 

subsequently heat-treated chips was performed. Comparatively, larger size cracks in sample 

heat-treated at 900 °C attributed to a high cracking scratch zone in the processed material, 
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i.e., less wear resistance, whereas no/nominal crack in as-machined chips and chips heat-

treated at 700 °C attributed to no cracking scratch zone.  

Keywords: Inconel 718, Severe plastic deformation, Heat-treatment, Mechanical property, 

Wear behavior, Scratch test   

1. Introduction 

Inconel 718 (IN718) is a Ni-Cr-Fe-based austenitic precipitation-hardenable superalloy with 

good strength (e.g., yield strength ~ 447 MPa, ultimate tensile strength ~ 897, and ductility 

~ 43.5% at room temperature for solution annealed condition [1]) and toughness, high 

resistance to oxidation and corrosion; and good machining performance [2,3]. Also, they are 

known to showcase better mechanical properties at elevated temperatures [4]. Moreover, they 

exhibit excellent resistance to creep, fatigue, wear, and chemical degradation in a high-

pressure working environment and excellent weldability [5]. These properties make IN718 

suitable for various crucial applications like cryogenic tankage, liquid rockets, gas turbines, 

turbocharger rotors, aerospace industries, oil and gas industries, and nuclear reactors [6,7]. 

These vital applications of IN718 make it a great interest for research and development to 

understand its microstructural, mechanical, and wear behavior followed by underlying micro-

mechanisms behind its failure.  

IN718 components are generally manufactured using casting and various metal forming 

processes [8]. Machining is a widely used manufacturing technique for sizing, shaping, and 

finishing of metallic components. However, IN718 is tremendously hard to machine owing to 

several plastic deformations caused by machining on the machined surface. The primary 

reasons for this are high strength and toughness, high work hardening behavior, chemical 

affinity towards many tool materials, and poor thermal conductivity of IN718 [9,10]. Wright 

and Chow [11] observed that during the machining of nickel-based alloys, the normal stresses 

on tool faces were approximately double, and the temperatures rose 200-400 °C higher than 
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those during the machining of steel. Such effects alter the surface and subsurface 

microstructure, which eventually degrades the corrosion, fatigue, and wear resistance of 

IN718. Therefore, it is interesting to explore and understand the micro-mechanism leading to 

the failure of these alloys during operation. 

IN718 components rub against each other throughout various service applications, generating 

wear and increasing clearance in moving parts. Thus, the wear resistance of any material 

must be enhanced in order to improve the lifespan of components during sliding contact 

[12,13]. For it, the material needs to be strengthened. This can be achieved by grain 

refinement using severe plastic deformation (SPD) techniques. SPD processes impart a large 

amount of strain into the material, resulting in grain refinement and increased strength 

without a significant loss of ductility. Machining is a kind of SPD technique that is very 

effective in refining the microstructure on the machined surface and subsurface.  

Over the previous years, several authors have analyzed the effect of machining on the 

machined surface and subsurface in IN718 [14,15]. It has been proposed that the workpiece 

always experiences severe plastic deformation during the metal cutting operation, leading to 

an improvement in the mechanical properties of the workpiece [16]. During machining of 

IN718, Liao et al. [17] found that grain refinement of ∼200 nm sized grains occurred in a thin 

region ∼3 to 4 μm beneath the workpiece surface. Zhuang et al. [18] experimentally analyzed 

the correlation between the work hardening layer and the notch wear and discovered that a 

critical hardened layer depth exists beneath the machined surface. Touazine et al. [19] 

investigated the critical hardened layer depth of work-hardened layers during multi-step hard 

turning (consisting of semi-finish, finish, and critical finish) of IN718 and observed it to be a 

maximum of 11 µm. Pawade et al. [10] assessed the effect of high-speed turning on surface 

integrity in IN718 and observed a machine-affected zone up to a depth of 200 μm beneath the 

machined surface. Ezugwu et al. [20] observed the extent of work hardening of the machined 
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surface up to a depth of 0.6 mm. A direct relation was found between the machining 

parameters and the degree of work hardening during the machining of IN718 by Thakur et al. 

[21]. Ren and Liu [22] demonstrated that an increase in the cutting speed causes a decrease in 

the depth of work hardening and an increase in the degree of work hardening. Rinaldi et al. 

[23] found that the dynamic recrystallization and the interaction of mobile and immobile 

dislocations affect the microstructure of the machined surface during the machining of 

IN718. This is mainly attributed to grain refinement, which consequently increases the 

hardness of the subsurface layer. Zhou et al. [24] observed a minor difference in the hardness 

near the subsurface layer in the specimens machined by CBN-coated and uncoated cutting 

tools. Devillez et al. [25] found that the dry machining of IN718 is helpful in reducing the 

surface roughness. 

From the preceding literature survey, it becomes clear that severe plastic deformation, such as 

the dry machining of direct aged IN718, affects the surface and subsurface microstructure. 

For their prospective uses in applications involving movable components in contact with each 

other, the tribological wear behavior of the machined surface needs to be investigated. Hence, 

in this work, we aim to investigate the wear characteristics of IN718 surface produced after 

plane strain machining and subsequent heat-treatments. Here, dry face turning of IN718 rod 

using an uncoated carbide round insert was performed. Microstructural analyses of IN718 

were performed before and after the machining and subsequent heat-treatments. After the 

wear test, the worn surface morphology of all samples was characterized using scanning 

electron microscopy (SEM) and energy dispersing spectroscopy (EDS).  
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2. Material and Methods 

2.1. Material 

Precipitation-treated Nickel-based superalloy, IN718, was utilized as an initial material. The 

chemical composition of the as-received IN718 alloy was examined using optical emission 

spectroscopy (OES), and it is shown in Table 1. 

Table 1: Chemical composition (wt. %) of IN718 alloy used in the machining process [3].  

Ni Cr Nb Mo Ti Al Mn Si B C Fe Ta V W Co 

54.1 18.54 4.13 3.12 0.94 0.49 0.076 0.18 0.003 0.056 17.47 0.181 0.0755 0.195 0.247 

2.2. Processing 

As-received samples of nickel-based superalloy (IN718) were solutionized at 1035 °C for 

1 h, followed by water quenching. These samples were machined using a 0° rake angle 

tungsten carbide cutting tool. After processing of material using plane strain machining, the 

strain induced in the material was calculated. Net effective strain in severely deformed 

material (i.e., machined IN718 chips) was analyzed using equation Υ = cos αsin ϕ cos(α−ϕ) [26,27] 

where ϕ is the shear plane angle, and α is the rake angle. The equivalent strain in the chips 

was calculated to be ~ 1.7. 

IN718 superalloy has a tendency to form various nano-precipitates like γI and γII in specific 

temperature ranges, which improve the mechanical and wear behavior of the heat-treated 

alloy. For this purpose, as-deformed IN718 chips were heat-treated at different temperatures 

— 700 °C, 800 °C, and 900 °C for 15 min, followed by water quenching to favor the 

formation of nano-precipitates, i.e., γI and γII in the FCC γ-matrix. To characterize the 

microstructure and test the mechanical and wear behavior, processed chips were polished 

using SiC emery papers followed by cloth polishing with 1 µm and 0.05 µm size alumina 

powder solution. For orientation imaging microscopy (OIM) analysis, an electropolishing 
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was performed after the previous polishing steps, using Struers's Lectropol 5 with an 

electrolyte consisting of perchloric acid, 2-butoxyethanol, and ethanol. 

The following nomenclature corresponding to different samples was adopted in the current 

investigation: as-received sample heat-treated at 1035 °C for 1 h is called as solution 

annealed (SA), as-machined chips using 0° rake angle cutting tool is AM, post-process heat-

treated chips at 700 °C for 15 min is SH7, post-process heat-treated chips at 800 °C for 15 

min is SH8, and post-process heat-treated chips at 900 °C for 15 min is SH9. 

2.3. Scratch test 

The wear behavior of different samples was evaluated using a micro-scratch test under dry 

sliding conditions at room temperature (~25 °C) in the ambient environment. Rockwell 

micro-indenter (CSM international, Switzerland) was pressed against the test specimen with 

selected normal load and moved with constant velocity, producing a scratch of a certain 

shape and size on the test specimen. Indenter cone material was diamond with a tip radius of 

100 μm. Scratch test was performed in progressive mode from 50 mN to 5000 mN and 

loading rate 9900 mN/min over the scratch track length (L) of 500 μm. The schematic details 

of the scratch test setup used in the current study are shown in Fig. 1. During the scratch test, 

the difference in the indenter displacement, scratch depth, normal force, tangential force, and 

acoustic emission were recorded to calculate the wear-related parameters like the coefficient 

of friction, wear volume, and wear rate. 
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Fig. 1: Schematic of the scratch test set up for wear behavior analysis of as-machined and 

subsequently heat-treated IN718 alloy (adapted from Nisar et al. [28]). 

Further, to investigate the overall effect of machining and post-process thermal treatment on 

the wear damage, wear volume (Eq. 1-2) [29] and wear rate was estimated using the Archard 

wear equation (Eq. 3) [29,30]. 

Wear volume (Wv) = L*A                                                                                                       (1) 

A = R2Cos−1 (1 − pR) − (R − p)√2Rp − p2                                                                          (2) 

Sp. Wr = 
WvF∗L                                                                                                                              (3)                           

where L is the length of scratch (mm), A is the area of the scratch region (mm2), p is the 

depth of penetration (μm), Wv is wear volume (μm3), R is the radius of scratch at the 

maximum depth of penetration (μm), Sp. Wr is specific wear rate (μm3/mN.μm), F is the 

average normal load applied during progressive loading scratch test, which is ∼2516 mN, and 

Wr is the specific wear rate (μm3/mN-μm) respectively. 
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3. Results and discussion 

3.1. Microstructural evolution 

3.1.1. Orientation Imaging Microscopy 

The samples were thoroughly investigated for microstructure analysis using the electron 

backscattered diffraction (EBSD) based OIM technique [31]. Fig. 2 (a-e) illustrates inverse 

pole figure (IPF) maps of SA, AM, and short heat-treated chips. For SA sample, the average 

grain size is ~28 µm, without any deformation (Fig. 2a). After machining, the banded 

structure containing the alternative bands of moderately refined grains and unindexed points 

are observed within the microstructure (Fig. 2b). The unindexed points refer to the nano-

structured grains, which were produced as sheared zone during machining and could not be 

indexed during OIM data acquisition. Thus, the microstructure of the machined chips of 

IN718 (i.e., AM specimen) inherently consists of a 'bimodal' microstructure. This is known to 

improve the ductility of the material owing to the presence of bimodal grain size distribution. 

Hence, the machined chips can be expected to exhibit a combination of excellent strength and 

enhanced ductility. However, few studies have suggested that as-machined chips are 

generally brittle in nature in spite of having a bimodal grain structure, which might be due to 

the saturation of dislocations in nano-structure grains in the shear zone [32,33]. From the 

OIM micrographs of the chips which underwent short heat-treatment at various temperatures 

(Fig. 2 c-e), it is evident that the fraction of unindexed points keeps on decreasing with an 

increase in the short heat-treatment temperature. This drop in unindexed points indicates the 

reduction in the fraction of the shear zone with an increase in the short heat-treatment 

temperature. This might be the result of recovery or recrystallization in the shear zone [34].  
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Fig. 2: OIM IPF maps highlighting the presence of equiaxed grains in (a) SA, (b-e) bimodal 

grain size distribution in (b) AM, (c) SH7, (d) SH8, and (e) SH9 sample, respectively. 



10 
 

3.1.2. Transmission electron microscopy  

Though the formation of nanograins during post-deformation heat-treatment was revealed 

from the OIM micrograph shown in Fig. 2, the limited resolution of EBSD could not truly 

reveal the nature of nanograins [31,35]. The formation of recrystallized grains with sharp 

grain boundaries and very fine nano-precipitates that are useful for improving the mechanical 

and tribological behavior of the material is still unclear from the OIM maps. Transmission 

electron microscopy (TEM) results can provide a better understanding of the transformations 

occurring after machining and short heat-treatment of solution annealed IN718 sample. 

Hence, two samples (AM and SH9 chips) were chosen for TEM analysis as the major 

microstructural transformation was found to occur only at 900 °C from the OIM analysis, as 

shown in Fig. 3 and Fig. 4. During short heat-treatments at 700 and 800 °C, partial 

recrystallization occurred, along with the formation of precipitates. 

Bright-field TEM micrographs of AM sample are shown in Fig. 3 (a-c). This figure shows 

both a large sheared zone and a comparatively less sheared zone, which directly corresponds 

with the un-indexed zone and moderately refined zone of the respective IPF maps shown in 

Fig. 2b. Fig. 3a shows the formation of the shear zone, which consists of nanograins and 

elongated type sub-grain microstructure throughout the sample. Such microstructure is 

beneficial for improving the wear resistance of materials used in structural applications [36]. 

An enlarged view of one particular region of Fig. 3a is shown in Fig. 3b, where one can 

appreciate the formation of very fine grains. The hypothesis can be further confirmed from 

the selected area diffraction patterns (SADP) of the corresponding micrograph, as shown in 

Fig. 3c. Approximately continuous ring-type SADP indicates the presence of nanograins. 

Elongated points in the SADP ring-type pattern also highlight the severity of as-deformed 

material.  
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Fig. 3 TEM micrograph (a-b) highlighting the presence of bimodal grain structure in 

AM sample and (c) its corresponding SADP. 

TEM micrographs of SH9 condition shown in Fig. 4 suggest a major change in 

microstructure in terms of recrystallization. Fig. 4 (a-b) shows the formation of recrystallized 

grains after thermal treatment along with very fine spherical shape γI nano-precipitates 

(shown by white arrows) and fine needle shape γII precipitate (shown by red arrows) shown in 

Fig. 4c. Since the SH9 sample is thermally treated at 900 oC temperature, some of the nano-

precipitates grow in size, which can be expected to reduce its mechanical strength (compared 

to SH7 and SH8 conditions).  
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Fig. 4 TEM micrograph (a-c) highlighting the presence of γI precipitate γII precipitate 

in SH9 sample and (d) its corresponding SADP. 

To understand the micro-mechanism of microstructural transformation in AM, SH7, SH8, 

and SH9 samples, a schematic of the process is shown in Fig. 5. During the machining 

process, a saturation of dislocation was observed in AM sample, which is shown by a bunch 

of dislocations. After processing, transformation in microstructure takes place via. transition 

to subgrain boundaries and grain boundary pinning. The transition of dislocations into 

subgrain boundaries mainly takes place in AM, SH7, and SH8 samples without much 

recrystallization because the driving force for recrystallization is quite high in the mentioned 

sample. Formation of very fine subgrain is shown in AM, SH7, and SH8 samples in Fig. 5, 

which can be easily correlated with the TEM micrograph of AM sample (Fig. 3). 
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On the other hand, the generation of nano-precipitates takes place in SH7, SH8, and SH9 

samples and causes grain boundary pinning at both low angle and high angle grain 

boundaries. Formation of low angle boundaries takes place with the help of dislocations, and 

its pinning by nano-precipitates within the microstructure, as shown by the yellow color 

dotted circle (Fig. 3a). Subsequently, the pinning of high angle boundary is shown by the red 

color dotted circle in the TEM micrograph of SH9 sample in Fig. 5. Such a type of grain 

boundary pinning leads to the thermal stability of processed alloy at elevated temperatures. 

Eventually, it was also found that such nano-precipitate have been preferentially nucleated at 

the triple junction (shown by the blue color dotted circle i.e., Fig. 5) and generated triple 

junction drag in the material, which leads to further enhancement in strength along with 

strengthening from grain boundary pinning in the processed material. 

 

Fig. 5: Schematic highlighting  the micro-mechanism of microstructural transformation after 

machining and subsequent heat-treatment in IN718 alloy.  
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3.2. Mechanical behavior 

In order to correlate the effect of post-machining heat-treatment to the wear characteristics, 

the average hardness value for the different samples is summarized in Fig. 6. It is evident that 

the average hardness value increases rapidly from 200 to 518 Kgf/mm2 (Fig. 6a), with the 

deformation induced in the material during machining. This is further reaffirmed from the 

micrograph shown in Fig. 2b, deformed samples exhibit grains with sizes relatively smaller 

than in the SA sample. However, the post-machining heat-treatment performed at different 

temperatures led to the variation in hardness. The sample heat-treated at 700 °C possesses 

hardness relatively higher than the as-machined sample. Additionally, it is observed that 

samples heat-treated at further higher temperatures (i.e., 800 °C and 900 °C) show relatively 

lower hardness values (Fig. 6a). A drop in hardness was observed from 548 Kgf/mm2 (at 700 

°C) to 496 Kgf/mm2 (at 800 °C) and further decreased to 364 Kgf/mm2 (at 900 °C). This is 

attributed to the activation of the static recrystallization from 800 °C followed by complete 

recrystallization at 900 °C. This recrystallization mechanism results in softening of the 

materials; thereby, nucleation of new strain-free grains takes place at the expense of highly 

deforming regions, i.e., region associated saturation of dislocation. Standard deviation 

associated with the presented hardness values is mentioned in Table 2.  

 

Fig. 6: Variation of (a) Average hardness and (b) Fraction of unindexed point of as-machined 

and subsequently heat-treated IN718 alloy. 
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Table 2: Average hardness and fraction of unindexed point after machining and subsequent 

heat-treatment in IN718 alloy. 

Sample 

condition 

Average hardness 

(Kgf/mm2) 
Fraction of unindexed 

points (%) 

SA 200.60±8.79 1.55±0.72 

AM 518.12±25.22 56.33±2.52 

SH7 548.53±29.56 65.0±3.5 

SH8 495.86±37.33 57.33±2.5 

SH9 364.10±33.65 10.50±0.71 

To further strengthen the in-depth understanding of the mechanical behavior of  IN718 alloy 

after machining and subsequent heat-treatment, the fraction of unindexed points are 

calculated and shown in Fig. 6b. It can be noticed that variation in the Vickers hardness and 

fraction of unindexed points follows an almost similar trend for all the sample conditions, as 

observed from Fig. 6 (a-b) and Table 2. The fraction of unindexed points is minimum for SA 

condition. After machining and short heat-treatement at 700 °C, this fraction can be observed 

to increase sharply owing to the presence of a large amount of residual strain induced via 

severe plastic deformation. However, with a further increase in temperature of post-

machining heat-treatment, the fraction of unindexed points starts decreasing. The fraction of 

unindexed points in the short heat-treated samples reduces from ~ 65% at 700 °C (SH7) to 

~ 57% at 800 °C (SH8) and ~ 11% at 900 °C (SH9), respectively. The marginal drop in the 

fraction of unindexed points for SH8 is attributed to recovery taking place in the material, 

while a substantial drop in SH9 is due to significant recrystallization. 

3.3. Wear behavior 

3.3.1. Wear analysis using scratch test 

During the dry sliding wear test, the variation in the coefficient of friction (COF) with time is 

recorded, as shown in Fig. 7, and corresponding values are tabulated in Table 3. Within a 
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short span of time, COF values rise drastically; however, soon after that, COF decreases and 

becomes stable over a period of time. It is evident that steady-state COF values for the SA 

sample fall over a wide range (~0.001 to ~0.035) ascribed to the presence of severe 

perturbation, as shown in Fig. 7. However, for the other samples, the COF values lie in the 

relatively lower range (~0.002 to ~0.019), which suggests that a relatively less amount of 

wear debris has been generated during the running-in period. As wear debris remain intact in 

contact with the worn surfaces of the sliding components, three-body wear would be the 

cause for the evolution of COF along the scratch length.  

The evolution of COF is not apparent as its values keep on increasing with the scratch length, 

which could be probably because of the presence of a large amount of wear debris along with 

the absence of tribo-film. Also, along with the presence of the wear debris, the existence of 

tribo-film over the worn surface has a significant influence on the COF and consequently on 

the wear characteristics. So, it can be understood that the abovesaid two factors might be 

responsible for the variation in the COF values along the scratch length in the various sample 

conditions. Also, the presence of tribo-film over the worn surface improves the wear 

resistance and protects the worn surface from further deterioration. Lower values of COF, 

i.e., ~0.002 to ~0.012, are observed for the SH7 sample. A better frictional property is 

obtained after the heat treatment, which must have changed the properties of the contact 

interface during the scratch test.   
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Fig. 7. Variation in coefficient of friction along the scratch length of processed samples. 

To corroborate the effect of post-machining heat-treatment on the wear characteristics, i.e., 

change in wear width (μm), wear depth (μm), and wear volume (μm3), various samples were 

probed using optical profilometry and corresponding 3D-micrographs were captured for the 

different samples, which are shown in Fig. 8. It is obvious from Fig. 8a and Fig. 8e that 

sample SA and SH9 exhibit similar characteristics in terms of width and depth of the scar. 

However, other samples, i.e., AM, SH7, and SH8 exhibit exactly opposite nature compared to 

that of SA and SH9 samples. 

The experimentally obtained wear volume using 3-D optical profilometry was compared with 

the theoretically measured wear volume, as presented in Table 3. Additionally, the maximum 

penetration depth (~27.5 μm) and width (~98.44 μm) reported for SA sample can be easily 

quantified from the color scale bar shown in Fig. 8. Maximum depth and width of penetration 

in SA sample are attributed to comparatively lower hardness than other samples, i.e., AM, 

SH7, SH8, SH9, as shown in Figure 6 and Table 2. The average value of penetration depth 

and width was found to decrease after introducing severe plastic deformation and post-



18 
 

processing heat-treatment for different samples, i.e., AM, SH7 (i.e., 700 °C), SH8 (i.e., 

800 °C), and SH9 (i.e., 900 °C). Among all the samples, SH7 was found to exhibit the lowest 

penetration depth and width, which results in better wear resistance properties due to the 

presence of a large fraction of nano-precipitate. These nano-precipitates are majorly 

responsible for improving the hardness of processed material [37]. The temperature 

associated with the SH7 sample, i.e., 700 °C is close to the aging temperature of IN718 alloy, 

which generates a large fraction of nano-precipitate, i.e.,  γI and γII. It results in the pinning of 

both low and high angle grain boundaries. Among all the samples, SH7 exhibits the best wear 

resistance and agrees well with the variation of COF, which is shown in Fig. 7. 

Table 3: Variation in COF, penetration depth, and width averaged over the scratch length 

along with experimental and theoretical wear volume. 

Sample 

condition 
COF 

Penetration 

depth (μm) at 

maximum 

load (mN) 

Scratch width 

(μm) at 

maximum load 

(mN)  

Wear volume (×104 μm3) 

Experimental Theoretical 

SA 0.001-0.035 27.5±2.4 98.44±1.02 5.3±0.24 4.73±0.28 

AM 0.004-0.017 11.6±1.5 51.44±1.02 0.51±0.17 0.85±0.08 

SH7 0.002-0.012 8.5±0.9 46.49±0.23 0.40±0.21 0.67±0.09 

SH8 0.006-0.015 11.7±1.3 53.49±1.18 0.42±0.20 0.74±0.07 

SH9 0.004-0.019 25.6±3 60.17±0.7 1.26±0.18 1.12±0.25 
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Fig. 8: 3D optical profilometry image of (a) SA, (b) AM, (c) SH7, (d) SH8, and (e) SH9 

chips. 

Further, it is evident that the penetration depth also varies along the scratch length and 

follows an increasing trend with an increase in the scratch length except for the SA and SH9 

samples, as shown in Fig. 9. Penetration depth for the AM, SH7, and SH8 samples was found 

to increase linearly, i.e., 11.6 μm, 8.5 μm, and 11.7 μm, respectively, with scratch length 

increasing to ~0.5 μm. Additionally, some pop-in features (highlighted with orange arrows) 

are observed for the SA sample (Fig. 9b), indicating that the flow behavior characteristics of 

the material are discontinuous along the scratch length owing to the formation of small pits 

and craters during the run-in period. Also, the wear debris gets removed soon after their 

formation during the wear test; these craters get filled up with the wear debris and 

consequently result in exceptional wear characteristics with pop-in features. Additionally, 

typical symmetrical pile-up type characteristics can also be seen all along the length near the 



20 
 

edges of the scratch, similar to the material's response during indentation [29], as shown in 

Fig. 9a. In agreement with the previous results, the sample post-process heat-treated at 

700 °C showed minimum pile-up at the edges of the scratch. Thus, the heat treatment 

temperature after the machining operation influences the wear depth along the scratch length.  

 

Fig. 9: Variation of (a) maximum penetration depth of scratch along the width of the scratch 

and (b) penetration depth along the length of the scratch. 

Further, to dig deep into the wear behavior of the materials during the scratch test and 

understand the wear mechanism, variation in the frictional force (FT) with the normal force 

(FN) is presented in Fig. 10. There are some apparent fluctuations in the FT during the test 

owing to the presence of wear debris in the contact interface shown in Fig. 12. The magnitude 

of friction force corresponding to the SH7 sample remains lower than that for the other 

sample conditions at all levels of normal force (0 to 5 N). This is attributed to the relatively 

high hardness of the SH7 in comparison to the hardness of the other samples (Table 2). 

Additionally, during the initial stages (<1 N load), various friction force profiles 

corresponding to different samples are very closely spaced, ascribed to the gradual wear of 

the material without any sign of craters and the formation of a cracking zone [38]. However, 

beyond an applied normal force of 1 N, the spacing between the frictional profiles decreases 

continuously with the increasing magnitude of the normal force. At all the load levels 
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(>2.5 N), fluctuations can be seen all along the friction force profiles due to failure of the 

materials via flaking, formation of the crater, and cracks along the scratch length. 

 

Fig. 10: Variation of frictional force and normal force in as-machined and subsequently heat-

treated IN718 alloy. 

3.3.2. Investigation of wear volume 

To further comprehend the overall effect of machining and post-machining heat-treatment on 

the wear damage, wear volume was estimated using Eq. 1-2. Fig. 11a presents a good 

comparison between the experimentally obtained and theoretically estimated wear 

measurements. It can be observed that the experimentally calculated wear volume decreases 

drastically from 5.3×104 to 0.51×104 μm3 with the severe plastic deformation followed by 

subsequent heat-treatment. In corroboration with the penetration depth variation (Fig. 11b), 

the wear volume further decreases to 0.4×104 μm3 for SH7. After that, wear volume followed 

the increasing trend and increased to 1.26×104 μm3 for SH9. Also, experimentally measured 

wear volume values follow the same trend, similar to the variation of penetration depth along 

the scratch length, as described in Fig. 8 and Fig. 9. The wear volume for the SA is relatively 

higher than other sample conditions, and these results are in good agreement with the COF 
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values shown in Table 3. Moreover, the specific wear rate was also estimated using Eq. 3, 

and is shown in Fig. 11c, which follows a similar trend as that of wear volume reported for 

different samples. Subsequently, marginal difference in wear rate values (Fig. 11c) obtained 

from optical profilometry and theoretical calculation attribute to variation in COF values 

along the scratch length, as shown in Fig. 7. 

  

Fig. 11: (a) Quantitative comparison between experimentally and theoretically obtained wear 

volume, (b) Variation of wear volume with a relative height of the scar, and (c) wear rate of 

different sample conditions. 

3.3.3. Worn surface analysis 

Further, to investigate the fracture behavior of the worn surfaces in the scratch samples, 

fractography analysis was carried out. Fig. 12 shows the SEM micrograph of worn surface of 

different samples processed through machining and subsequent heat-treatments. A 

comparatively smoother region throughout the AM chip indicates minimal wear (Fig. 12a), 
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which is also confirmed by the worn surface height of AM sample. Another reason behind the 

lesser wear of this chip is increased Vickers hardness. For in-depth investigation, a higher 

magnification image was also captured at the center and periphery of the scratch, as shown in 

Fig. 12 a1 and a2, respectively. Regions a1 and a2 together show that severe fracture occurs 

at the periphery of scratch along with nominal fracture at the center during the plastic flow of 

material throughout the scratch test. After introducing thermal treatment at 700 oC, the worn 

surface of SH7 was found to be similar to that of AM sample, except the periphery of the 

scratch, which is shown in Fig. 12 (b-b2). Further increase in heat-treatment temperature up 

to 800 oC leads to the introduction of fracture in the central region of scratch along with the 

periphery in terms of micro-cracks during the plastic flow of material (Fig. 12 c-c2). 

From AM to SH8 sample, the fracture mode of thermally treated sample was found to be 

almost similar, with a marginal change in SH8 condition. Microstructural evolution and 

mechanical results mentioned above support the worn surface morphology of the different 

samples. However, a drastic change in the mode of fracture was observed in the SH9 sample. 

Fig. 12 (d-d2) shows the worn surface of the SH9 sample consisting of a large fraction of 

micro-cracks (shown by black arrows) along with fine abrasive particles embedded in the 

material (shown by red arrow) in the central region of the scratch. These micro-cracks have 

formed during the severe plastic deformation in the zone beneath the worn surface along the 

scratch length. This is mainly attributed to the increase in the dislocation density within these 

regions during the wear test itself, which later lead to the initiation and propagation of cracks 

in the sub-surface regions. Similar observations have also been reported in the literature 

[29,39]. Central crack was found to be wide and deeper in nature, which is clearly shown in  

Fig. 12 d1. Along with wider crack, some region shows adhesive wear, as shown by the black 

dotted ellipse, which eventually turns out to be crater wear. After careful observation, we 

found that the size of the crack along the periphery of the scratch increased significantly 
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along with the accumulation of materials (Fig. 12 d2). This combined effect indicates the 

severity of deformation in the SH9 sample during plastic flow. The presence of a deep crater, 

embedded abrasive particle, and wider crack indicate that SH9 sample is the least wear-

resistant among all the processed conditions. 

 

Fig. 12: (a-d) Secondary electron (SE) micrograph of the worn surfaces obtained nearby the 

tip of the scratch along with various features highlighted in (a1-d1) inside the surface and 

(a2-d2) at the periphery of the scratch. 

3.3.4. Acoustic emission  

Acoustic emission is the phenomenon of the transmission of the elastic or acoustic wave in 

solid material when it changes its internal structure during the highly irreversible severe 

plastic deformation process [40], which is plane strain machining in the current study. Severe 

plastic deformation leads to the generation of localized sources of elastic or acoustic waves. 
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In most severe deformation processes, acoustic emission is found to be an instrumental 

technique to detect, locate, and characterize the damage [41,42]. Therefore, to characterize 

the damage that occurred during the scratch test of processed material, acoustic emission was 

investigated, and the data obtained are plotted in Fig. 13. This figure shows a series of 

broader peaks (shown by orange color arrows) for SA sample of larger amplitude, which 

reflects the generation of propagation of micro-cracks. However, AM sample shows quite a 

smooth region (without the formation of any micro-cracks) throughout the scratch length. 

Also, in SH7 sample, a considerable alteration in the smoothness was not observed. Peaks of 

comparatively higher amplitude were observed with a further increase in heat-treatment 

temperature, which attributed to the onset of formation of a large fraction of micro-cracks for 

SH8 and SH9 samples. The formation of such micro-crack is clearly shown in the SEM 

image in Fig. 12 c and Fig. 12 d. With progress in the scratch test, the size of generated 

micro-crack increased, and worn particles obtained during the test got arrested in the vicinity 

of large cracks, as shown in Fig. 12 d. Although the frequency and amplitude of generation 

and transmission of such micro-cracks are comparatively lower in samples other than the SA 

sample, they still exist on the friction surface up to the SH9 sample. 

Eventually, an interesting observation was noticed during plastic deformation in terms of 

non-uniform transmission of elastic waves whose crests are quasiperiodic (or irregular 

periodic) in the form of generated waves, and the crest is found to be perpendicular to the 

friction direction. Therefore, one can say unequivocally that acoustic emission can be used as 

a tool to investigate the transmission of the acoustic wave from elastic to intense plastic 

deformation, which results in a continuous drop in the frequency of oscillating wave 

produced in the tribological system. 
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Fig. 13: Variation of acoustic emission of as-machined and subsequently heat-treated IN718 

alloy. 

4. Conclusions 

After performing the scratch test of plane strain machined and thermally treated IN718 

superalloy, the following pertinent conclusions were drawn: 

 The bimodal microstructure obtained in plane strain machining was consistent up to 

SH8 condition.  

 Average hardness and noise fraction of processed samples show that material retained 

its high strength up to SH7 sample, followed by a drop in its values. 

 Significant perturbation in COF variation along the scratch length of SA sample leads 

to continuous fracture of the material. Eventually, this variation was found to be 

marginal for other samples, indicating the improvement in wear resistance. 

 Wear resistance of the SH7 sample was found to be maximum due to precipitate 

pining. In contrast, the marginal drop in value was obtained for SH8 sample due to 
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precipitate coarsening and then a large drop for SH9 due to an increase in 

recrystallization. 

 Continuous shearing of material along with the generation of micro-cracks takes place 

up to SH8, whereas generation of macro-crack followed by fine particle abrasion 

takes place in SH9 sample. 

Based on the aforementioned results, we conclude that as-deformed material followed by 

thermal treatment up to 700 °C is the most wear-resistant nano-grained material as 

precipitate pinning and eventually retarded recrystallization is most impactful at this 

temperature. At higher temperature heat treatment, the wear resistance degrades; still, it is 

significantly better than that of SA conditon. The primary cause behind such degradation 

in property is precipitate coarsening and an increase in recrystallization. 
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