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1. Introduction

Inconel 718 material is a nickel-based superalloy with high 
strength, high oxidation resistance, high fatigue properties and 
good wear resistance [1]. Due to these properties, Inconel 718 
is widely used in oil & gas, aerospace and defense industry [2]
and generally has complex geometries. However, Inconel 718 
is classified as "hard-to-cut materials" [3]. For this reason 
producing Inconel 718 using traditional manufacturing is quite 
hard and also has quite high cost [2]. Inconel 718 has good 
weldability with the small amount of aluminum and titanium in 
its content, which allows its production with AM [4]. PBF-LB
uses a focused laser beam to fuse metal powders layer by layer 
according to a 3D CAD model, is one of the most widely used 
AM methods [5]. It has a unique advantage over traditional 
technologies such as high geometric complexity, reduction of 
production steps, low material consumption, reduction of lead 
time and low production cost [6, 7]. In addition to these 
advantages, the PBF-LB method also has some disadvantages
such as tensile residual stress [8, 9], porosity and cracks [10]. 

Although parameter optimization in AM aims to produce the 
final product within the specified tolerances, this is usually not 
the case, and the surface qualities and mechanical properties 
may not be as desired level [11]. It may be necessary to apply 
post-processes to improve the surface quality and mechanical 
properties of the parts [12, 13]. Roller burnishing process is one 
of the mechanical post-process methodology which is an easy-
to-use, fast, cost-effective surface improvement process, often 
performed without stock removal to improve the surface 
integrity of mechanical parts, making workpieces smooth and 
hard [14-16]. The roller burnishing process is the process of 
eliminating the peaks on the surface and filling the gaps under 
the surface by applying pressure to the workpiece surface, 
depending on the force, feed, and rotation parameters 
determined according to the desired surface roughness of the 
cylindrical balls connected to the roller burnishing tool 
connected to the CNC center. The roller burnishing process is 
a method applied to aerospace materials produced by 
traditional methods in the literature, especially because it 
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hence wear resistance of this alloy improved. Wear resistance of as-built specimens was increased by 38% through implementing roller 
burnishing. Wear resistance of heat-treated specimens is increased by 55% through implementing roller burnishing process.
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improves the surface quality and creates compressive residual 
stresses [17].

In this study, it is aimed to improve surface integrity aspects 
of additively manufactured Inconel 718 parts by controlling 
surface and subsurface characteristics and hence increasing 
wear resistance.

Nomenclature

AM Additive Manufacturing
PBF-LB Laser-Beam Powder-Based Fusion

2. Experimental procedures

The workpieces used in this study was PBF-LB
manufactured Inconel 718 nickel-based superalloy cylinder
with a dimension of Ø20 x 80 mm. PBF-LB process was 
performed in ENAVISION 250 3D Additive Manufacturing 
Machine and process parameters presented in Table 1.

Table 1. Parameter set used in the manufacturing of specimens by PBF-LB
method.

Laser Spot Diameter, d (μm) 85

Laser Scanning Speed, v (mm/s) 700

Laser Power, P (W) 190

Hatch Distance, h (μm) 70

Layer Thickness, tlayer (μm) 20

Recoater Time, (s) 11

Scanning Strategy
Chessboard (5x5 mm)

Strip Rotate 67° Pattern

Base Plate Material S316L

In order to reveal the effects of the roller burnishing process 
parameters on the workpiece, the parameter values are selected 
with high range. Accordingly, the roller burnishing process was 
applied under two burnishing forces (250 N, 750 N), two 
burnishing speeds (350 RPM, 1050 RPM) and two machining 
conditions (dry, air). Also in the build direction of the as-built 
PBF-LB Inconel 718 parts, feed rate was taken as constant 0.1 
mm/rev throughout the roller burnishing process.

After the roller burnishing process, the parameters that gave 
the lowest (250 N, 1050 RPM, dry condition) and highest (750 
N, 350 RPM, air condition) surface microhardness were 
determined. These parameters were applied to separately heat-
treated and sandblasted specimens to observe the effectiveness 
of the two post-processes used consecutively.

Fig. 1. Roller burnishing process in dry condition.

Sandblasting was applied to the produced parts with the SK-
500 Benchtop Shot Blasting Machine, which is produced in 
accordance with TS EN 12100:2010 and TS EN 60204-1 
standards. A mixture of Al2O3 abrasive media (F70: 180-250 
µm average particle size) and air applied by a nozzle with 
distance of 75 mm from the part and at a 45° angle under 6 bar 
pressure for 3 minutes on each part.

Inconel 718 alloy parts are heat treated with a 7-step 
programmable oven that can reach high temperatures (0-
1200°C), 5000 W power (23 A/Phase). The heat treatment 
condition is 980 °C for 1 hour/cooling in air, 8 hours at 720 °C, 
cooling to 620 °C in the furnace with a cooling rate of 55°C/h, 
aging at 620 °C for 8 hours (precipitation) heat treatment/air 
cooling. 

A 3D Keyence VHX-6000 optical microscope was used to 
examine the surface topography, roughness and wear marks.
The ASTM E 384 standard was followed for the hardness test 
using Future-Tech FM310e. An average of 5 measurements 
determined the hardness of each specimen with a load dwelling 
time of 15 s and a testing load of 100 gf was used.

Wear tests were applied to determine the effect of second 
treatments on wear resistance. TURKYUS RTW Linear Wear 
Machine was used for these tests. This machine, with its 
reciprocation mechanism, can work with under different loads 
(from 1N to 30N), different ball types (such as steel, Si3N4, 
WC, Al2O3) and different sliding speeds (from 5 mm/s to 40 
mm/s) according to ASTM G133 standards. The parts were 
subjected to wear test at optimum room temperature and 
humidity, under 5N load, 6 mm friction distance and 40 
minutes. As the abrasive material, 6 mm diameter tungsten 
carbide ball (WC 94%, CO 6%) was used.

3. Results and discussions

3.1. Surface Topographies

The roller burnishing process is a very effective method to 
improve surface quality of additively manufactured parts. The 
pressure created by the applied force reduces the difference 
between peaks and troughs by plastically deforming the peaks. 
This results in a brighter surface with less roughness. Table 2 
shows the surface roughness values measured after the roller 
burnishing process applied through various parameters. While 
the surface roughness of the as-built parts was measured about 
15 μm, it was possible to reduce this value to 0.32 μm by 
applying roller burnishing.

Table 2 indicates that both parameters, namely burnishing 
force and speed alters the surface roughness of additively 
manufactured parts. Increasing burnishing speed results in 
decreasing average surface roughness of parts. Similarly, the 
high the burnishing force, the lower the surface roughness. It 
seems these parameters provide regular plastic flow with high 
deformation [18].
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Table 2. Surface roughness values of Inconel 718 parts under different roller 
burnishing parameters.

D
ry

Burnishing Force (N) Burnishing Speed (RPM) Ra (µm)

250
350 0,91

1050 0,76

750
350 0,62

1050 0,51

A
ir

250
350 0,85

1050 0,7

750
350 0,5

1050 0,32

Table 3 shows the influence of heat treatment and 
sandblasting on surface quality. Once as-built specimen is 
burnished at 250 N force and 1050 RPM under dry condition, 
the measured average surface roughness is 0.76 µm. However, 
once as-built specimen is subjected to heat treatment and 
followed by burnishing process, measured surface roughness is 
0,94 µm. It indicates that implementing roller burnishing to 
heat treated specimen results in much higher surface roughness. 
Another as-built specimen is burnished through 750 N force 
and 350 RPM speed. The surface roughness of this specimen is 
0.5 µm; but, once the specimen is heat treating and followed by 
burnishing using same parameters, the measured average 
roughness is approximately 0.55 µm. This also confirms that 
once heat treatment is implemented before burnishing process, 
roughness is much higher. On the other hand, sandblasting to 
as-built specimen and followed by burnishing seems to be 
much effective way to reduce average surface roughness as 
shown in Table 3.

Table 3. Surface roughness values of Inconel 718 parts under different roller 
burnishing parameters.

Roller Burnishing

Parameters

Surface Roughness Values, Ra (µm)

As-Built

+ Roller 
Burnishing

Sandblasted

+ Roller 
Burnishing

Heat-Treated

+ Roller 
Burnishing

250 N, 1050 RPM, Dry 0,76 0,46 0,94

750 N, 350 RPM, Air 0,5 0,3 0,55

In Fig.2, topography images taken after roller burnishing 
operations with determined parameters applied to as-built, 
sandblasted and heat-treated parts are included.

It is clearly seen that the results of the roller burnishing 
operation applied in 750 N burnishing force, 350 RPM 
burnishing speed and air condition are better than the results of 
the roller burnishing operation applied in 250 N burnishing 
force, 1050 RPM burnishing speed and dry condition. The 
increase in the load and the decrease in the burnishing speed in 
the roller burnishing operation performed after both heat 
treatment and sandblasting showed an improvement in the 
surface of the part.

Fig. 2. Topography images of different post-processed Inconel 718 parts by 
manufactured with PBF-LB.

3.2. Microhardness

While one of the great advantages of burnishing process is 
to improve surface quality of parts as finishing processes, it
also influences beneath the surface. While microhardness of as-
built specimen is approximately 365 HV, burnishing process 
results in this value increased remarkably for all conditions. 
Fig. 3 shows microhardness values of specimens burnished 
under various burnishing force and speed. The effect of 
burnishing speed on hardness variation for both burnishing 
forces is evident. 

Air Dry

35
0 

RP
M

10
50

 R
PM

Fig. 3. Microhardness values of the Inconel 718 parts under various roller 
burnishing parameters.

At lower burnishing speed, higher microhardness is 
measured. Besides, larger burnishing force leads to much 
harder surface and subsurface layer as compared to smaller 
burnishing force. This is an expected result as the specimen is 
subjected to much larger mechanical effect and hence strain 
hardening takes place and eventually this can be seen via 
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measured hardness. On the other hand, increased speed also 
increases temperature on the contact area that might causes 
annihilation of mechanical effect. Reduced hardness is the 
reason of such annihilation and softening at higher burnishing 
speed. Another evidence supporting this argument is the 
comparison the hardness result of specimens burnished under 
dry and air-cooling condition. Once air is used during 
burnishing to cool down the contact region between roller and 
specimen, then the hardness becomes slightly higher than dry 
condition. Another point needs to be discussed is the depth of 
strain hardened layer. When burnishing force is 250 N, the 
depth of hardened layer is approximately 100 µm, however, 
when 750 N force is used, the hardened layer reaches more than 
150 µm depth from the surface. Such thick layer on the surface 
is expected to influence surface aspect against physical and 
chemical interaction. Thus, the performance of Inconel 718 
components fabricated by additive manufacturing can be 
controllable through such surface properties.

The role of sandblasting and heat treatment on the surface 
and subsurface hardness is shown in Fig.4. Moreover, these 
specimens are subjected to roller burnishing to create final 
surface. This final hardness values of the surface and 
subsurface is also shown in Fig.4. It is an expected to obtain 
harder specimens after heat treatment. But, sandblasting
process also results in increased hardness on the surface and 
subsurface of additively manufactured specimens. Followed by 
burnishing process created much harder surface and subsurface 
as shown in Fig.4. It is an obvious that the surface hardness of 
heat-treated + roller burnished specimen reaches to 
approximately 500 HV when 750 N burnishing force is applied.

Fig. 4. Measured microhardness values of as-built and treated specimens, a) 
250 N, 1050 RPM at dry condition, b) 750 N, 350 RPM at air condition.

3.3. Wear Behavior

The role of altered surface through burnishing process on 
performance is measured via wear test. Previous studies 
showed that wear behavior is directly proportional to 
microhardness of the parts [19]. The two-dimensional wear 
profile obtained from experiments are shown in Fig.5. 
Maximum depth is measured from as-built specimen as 
expected. While wear width of specimens does not show 
substantial difference, wear depth of specimens shows notable 
difference. The smallest wear depth is observed on the 
specimen that was subjected to heat treatment and burnishing. 
Wear depth of burnished specimen and sandblasted+ burnished 
specimen does not show remarkable difference. 

Fig. 5. Surface profiles measured across wear tracks of specimens after roller 
burnishing applied to as-built, sandblasted and heat-treated Inconel 718 parts
a) 250 N, 1050 RPM and dry condition b) 750 N, 350 RPM and air condition.

Depending on the wear depth and wear width values 
obtained, the wear volume can be found by using following
equation (1)  [20]: 

𝑉𝑉 = 𝐿𝐿 [𝑟𝑟2𝑠𝑠𝑠𝑠𝑠𝑠−1 (𝑤𝑤2𝑟𝑟) −
𝑤𝑤
2 (𝑟𝑟

2 − 𝑤𝑤2

4 )
1
2] + 𝜋𝜋

3 [2𝑟𝑟
3 − 2𝑟𝑟2 (𝑟𝑟2 − 𝑤𝑤2

4 )
1
2 −

𝑤𝑤2

4 (𝑟𝑟2 − 𝑤𝑤2

4 )
1
2] (1) 

where V is the wear volume in mm3, L is the distance 
traveled by the ball in one burnishing speed (stroke length) in 
mm, w is the wear track width in mm, and r is the radius of the 
carbide ball in mm. The specific wear rate is defined as 

(a)

(b)

(a)

(b)

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



Nihal Yaman  et al. / Procedia CIRP 108 (2022) 681–686 685

equation (2) [21]:

𝑘𝑘 = 𝑉𝑉
𝐹𝐹𝐹𝐹𝐹𝐹 (2) 

where k is the specific wear rate in mm3/Nm, F is the applied 
normal force in Newtons and s is the total sliding distance in 
m.

Fig.6. shows the specific wear rates of as-built, sandblasted
and heat-treated parts. Specific wear rates of as-built, 
sandblasted and heat-treated parts were found as 6.7x10-4

mm3/Nm, 5.71x10-4 mm3/Nm and 5.04x10-4 mm3/Nm, 
respectively. The specific wear rate decreased to 5.83 x10-4

mm3/Nm when roller burnishing was applied to the as-built part 
with 250 N, 1050 RPM in dry condition. Furthermore, when 
roller burnishing applied to the heat-treated part with the same 
parameters, the specific wear rate was calculated 3.53x10-4

mm3/Nm. It is obvious that applying roller burnishing to the 
heat-treated parts increases the wear resistance.

Specific wear rate was found as 4.12x10-4 mm3/Nm when 
as-built specimen was roller burnished through 750 N, 350 
RPM in air condition. Once the specimen is heat-treated and 
followed by burnishing using same parameters, the measured 
specific wear rate becomes 3.04x10-4 mm3/Nm. This result 
confirms that heat treatment followed by roller burnishing 
increases wear resistance of specimens. It was determined that 
the increase in microhardness improved the wear resistance.
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Fig. 6. Specific wear rates of Inconel 718 parts after roller burnishing applied 
to as-built, sandblasted and heat-treated parts with 250 N, 1050 RPM, dry 

condition and 750 N, 350 RPM, air condition.

4. Conclusions

According to the results obtained from the study, roller 
burnishing is an important post-process that affects the 
microhardness and, accordingly, the wear resistance of Inconel 
718 parts produced with PBF-LB. The heat treating followed 
by the roller burnishing operation significantly improves the 
wear resistance of PBF-LB specimens. Although sandblasting 
is not effective as heat treatment on the wear resistance, it plays 
an important role in reducing the surface roughness.

Wear performance increased by 38% when the roller 
burnishing process was applied to the as-built part. The 
increase in wear performance was 42% when sandblasting was 

applied before roller burnishing, while it was 55% when roller 
burnishing was applied before heat treatment.

This study also showed that roller burnishing parameters 
such as burnishing force and burnishing speed are critical 
parameters to make the burnishing process more effective. In 
subsequent studies, roller burnishing can be applied with wider 
parameters to parts produced by additive manufacturing in 
order to obtain lower surface roughness values and high wear 
resistance. In addition, the consecutive use of various post-
processes can be tried.
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