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Abstract

In the present study, the wear and friction behavior of Fe-based Invar-36 superalloy was investigated against an
alumina ball under various sliding distances (25, 50, 75 and 100 m) and normal loads (5, 15 and 25 N) using a
ball-on-disk tribometer. The worn surfaces were characterized using scanning electron microscopy (SEM)
equipped with energy dispersive X-ray spectroscopy (EDS) and 2D-profilometry. The experimental results
show that the coefficient of friction (COF) of Invar-36 (0.37-0.51) significantly decreased with increasing
normal load, with a minimum value at 25 N. On the other hand, a slight increase in friction coefficient was
observed with increasing sliding distance. Moreover, the wear volume of Invar-36 (ranged from 2.63 to
157.17x10-® mm?®) was observed to increase with increasing normal load and sliding distance. The specific wear
rate found a constant increase from 1.98-2.99x107° to 6.33-11.45x10"> mm3/Nm at increasing normal loads. On
the contrary, the wear rate was gradually reduced when the sliding distance was increased especially at higher
applied loads, due to the densification process. In addition, the wear mechanism was complex, including
oxidation, abrasion, and plastic deformation, became more intense as the normal load or the number of sliding
cycles was increased.
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Normal Yiik ve Kayma Mesafesinin Invar-36 Siiper Alasiminin Kuru Kaymah
Asmma Ozellikleri Uzerindeki Etkileri

Oz

Bu ¢alisgmada, demir bazli Invar-36 siiper alagimin aginma ve stirtinme davranisi ¢esitli kayma mesafeleri (25,
50, 75 ve 100 m) ve yiikler (5, 15 ve 25 N) altinda aliimina top karsit yiizeyi kullanilarak incelenmistir. Asinmis
ylizeyler, enerji dagilimli X-1g1n1 spektroskopisi (EDS) ile donatilmis taramali elektron mikroskobu (SEM) ve
2D-profilometri kullanilarak karakterize edilmistir. Deneysel sonuglar, Invar-36'nin siirtiinme katsayisinin
(0,37-0,51) artan normal yiik ile 6nemli 6l¢iide azaldigim1 gostermektedir ve en diigiikk deger 25 N’da elde
edilmistir. Buna karsin, artan kayma mesafesi ile siirtiinme katsayisinda ¢ok az bir artis goriilmiistiir. Ayrica,
yapilan deneylerde 2,63-157,17x10° mm? araliginda bulunan asinma hacmi degerlerinin artan normal yiik ve
kayma mesafesi ile yiikseldigi gézlenmistir. Uygulanan yiikiin artmasiyla asinma orani 1,98-2,99x10"’ten 6,33-
11,45x10° mm3/Nm'ye cikmistir. Aksine, artan kayma mesafesi ile ozellikle daha yiiksek yiikler altinda
yogunlagtirma iglemi olusmasi nedeniyle asinma orant kademeli olarak azalmistir. Invar-36 yiizeyinde
oksidasyon, abrasyon ve plastik deformasyon dahil olmak {izere ¢ok farkli asinma mekanizmalar1 olugsmustur
ve bu mekanizmalar artan normal yiik veya kayma mesafesi ile daha yogun hale gelmistir.

Anahtar Kelimeler: Invar-36 siiper alasim, Siirtiinme, Asinma, Normal yiik, Kayma mesafesi
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1. Introduction

Invar-36 superalloy, as an iron-based iron-nickel alloy, has received wide attention in various
applications such as precision measuring instruments, molding tools for aerospace and
automotive industries [1-4]. This is because of the material’s low coefficient of thermal
expansion and high dimensional stability under the Curie temperature as well as its satisfactory
chemical resistance [5]. However, the moderate tensile strength and surface hardness [6, 7]
restrict the use of Invar-36 in load-bearing articulating applications, owing to its single phase
austenite (y-Fe) crystal structure.

A limited number of studies has been found in literature, investigating the wear and friction
behavior of Invar-36. For instance, Kanca (2022) [8] examined the tribological performance of
powder-pack borided Invar-36 surfaces in a reciprocating wear apparatus and found that the
wear resistance significantly increased after the boriding process and increasing sliding distance
caused a higher wear volume. Wang et al. (2023) [9] investigated the cryogenic friction and
wear properties of Invar-36 superalloy with temperatures as low as -196 °C under the loads of
0.5-2 N in a rotatory type ball-on-disk tester. The researchers found the reduction in the wear
rate and COF of Invar-36 under cryogenic conditions due to self-lubrication effect and lower
stress generation on the contact surface. But, there is a lack of research data on Invar-36 alloy
under a wide range of loading conditions (from low to high), which should be addressed to
explore its tribological performance in more detail and estimate the life of this material under a
wide range of loads.

The wear and friction performance of materials has been evaluated using different test
parameters such as applied load, sliding distance and sliding speed. The test parameters are
defined by considering the service conditions of devices and/or components. That is to say the
tribological behavior of materials is significantly affected by the aforementioned test
parameters. For instance, increasing applied load generally results is an increase in the wear
volume while a decrease in friction coefficients. The lower friction coefficient is associated
with the formation of a large number of wear debris and an increase in the surface roughness,
which lead to a decrease in contact area between the articulating surfaces.

The present work investigates the tribological performance of Invar-36 alloy against alumina
ceramic ball under dry conditions using a ball-on-disk tribometer at room temperature. All tests
are carried out at sliding distances of 25, 50, 75 and 100 m and normal loads of 5, 15 and 25 N.
This study provides the tribological data (friction coefficient, wear rate and wear mechanism)
of Invar 36 alloy against alumina ball under different loads and sliding distances, and provides
important experimental guidance for the material’s potential to be used in various industries
such as automotive and aerospace. The wear mechanisms are determined using a scanning
electron microscopy (SEM) equipped with energy dispersive X-ray spectrometer (EDS) map
analysis.
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2. Materials and Methods

The chemical content of Fe-based Invar-36 superalloy used in the current study is provided in
Table 1. Cylindrical samples (nominal diameter 25 mm, thickness 3.5 mm) were subjected to a
conventional metallographic preparation process, composed of cold mounting, gradual sanding
(320-600-800-1000-1200-2500 SiC) and polishing (1 um diamond paste).

Table 1. Chemical content (wt.%) of Fe-based Invar-36 superalloy used in the current study.

Material Fe Ni Mn Si C
Invar-36 Balance 36.55 0.25 0.16 0.02

The experiments were carried out in dry-sliding conditions on a customized ball-on-disk wear
apparatus according to ASTM G-133. The Invar-36 discs were articulated against an alumina
ball (diameter 6 mm) at room temperature at the loads of 5, 15 and 25 N and the sliding distances
25, 50, 75 and 100 m. All tests were performed at a stroke length of 5 mm and a sliding velocity
of 20 mms™. The friction coefficient (COF) was calculated as the rate of frictional force
(recorded during the wear experiment) to normal load. Mean COF values at the aforementioned
sliding distances were calculated by averaging the 6-meter COF data before each specified
sliding distance. A list of test parameters is provided in Table 2.

Table 2. Test conditions used for testing in ball-on-disk tribometer.

Test specimens Upper: alumina ball (6 mm)
Lower: Invar-36 disk (025 mm, 3.5 mm)
Stroke length 5mm
Average sliding speed 20 mm/s
Applied load 5,15and 25 N
Sliding distance 25, 50, 75 and 100 m
Test temperature Ambient

The wear volume (volume loss) was calculated from the wear track profiles obtained using a
2D profilometry (MarSurf M300, Germany), as previously described by Kanca, 2022 [8]. The
wear rate (W) was then quantified as follows:

W = AV/(FS) (Eq. 1)
Where AV: Wear track volume (mm?®), F: Test load (N) and S: Sliding distance (m).

The wear mechanism was examined using a scanning electron microscopy (SEM, Jeol JSM-
7001F). Energy dispersive X-ray spectrometer (EDS) map analysis was performed with the
same device to investigate the distribution of elements of the wear surfaces.
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3. Results and Discussion
3.1. Friction and Wear Behavior

The friction and wear behavior of Invar-36 superalloy was evaluated under dry sliding
conditions. Figure 1 demonstrates the coefficient of friction (COF) of Invar-36 superalloy
against the alumina ball for the normal loads of 5, 15 and 25 N as a function of sliding distance.
The COF of all tests found an initial sharp rise and drop state followed by a steady state. The
COF rapidly increased to around 0.5 followed by decreasing to the levels of 0.25-0.33,
classified as a running period, as defined in previous studies [10, 11]. Afterwards, the curve
showed only a mild increase during the steady state, which can be attributed to the formation
of a tribolayer suggested by Kuang et al. (2022) [12]. The steady COFs were found to decrease
with increasing normal loads, which were 0.49-0.51, 0.37-0.40, and 0.33-0.35 under the normal
loads of 5, 15, and 25 N, respectively.
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Figure 1. Coefficient of friction (u) over sliding distance under the loads of 5, 15 and 25 N.

Figure 2 shows the mean COFs obtained from the articulation of Invar-36 surfaces as a function
of sliding distance at the loads of 5, 15 and 25 N. The increase in the contact load caused a
significant decrease in the COF for any given sliding distance. For instance, at the sliding
distance of 25 m, the average friction coefficient was 0.50 under 5 N, which was found to be
0.46 with an 8% decrease as the load increased to 15 N, and 0.41 with a decrease of 18% at 25
N. Similar trend was observed at the sliding distances of 50, 75 and 100 m. Under increased
loads there found to be an increase in the contact area between the articulating surfaces (see
wear track width and depth values given in Table 3). Even so, it is stated by previous researchers
[13, 14] that the increased concentration of wear debris between the two articulating materials
at increasing loads leads to a decrease in the real contact area, which might result in the decrease
in the COF at higher applied loads in the current work.
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Figure 2. Mean coefficient of friction (um) versus sliding distance at the loads of 5, 15 and 25
N.

After each wear test, 2D wear profiles across the wear tracks were obtained from the Invar-36
surfaces. Figure 3 shows typical wear profiles formed on the Invar-36 surfaces, obtained at the
sliding distance of 50 m. The wear track widths and depths were found to increase with
increasing normal load and sliding distance (Figure 3 and Table 3). Depending on the applied
load and number of sliding cycle, the wear track width and depth values were ranged from 361.3
to 1115.3 um and from 5.68 to 60.57 um, respectively. When the normal load increased from
5to 15 N, the wear track width increased by 98% (at the sliding distance of 25 m), 39% (at 50
m), 36% (at 75 m) and 35% (at 100 m). The increment was found to be 26-44% as the normal
load was further increased to 25 N. Under a given normal load from the sliding distance of 25
to 100 m, the wear track width increased by 58% (at 5 N), 8% (at 15 N), and 12% (at 25 N).
While, the wear track depth increased by 93% (at 5 N), 60% (at 15 N), and 67% (at 25 N).
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Figure 3. 2D wear track profiles of Invar-36 alloy, subjected to the tests at the sliding distance
of 50 m under the loads of 5, 15 and 25 N.

Figures 4 shows the wear volume as a function of the sliding distance under the applied loads
of 5, 15 and 25 N. The wear volume increased with the increase in the sliding distance and
applied load. For instance, the wear volume increased by 1.5-fold (from 27.53x1073 to
69.25x10°° mm?) as the sliding distance increased from 25 to 100 m under the applied load of
15 N, and 10.9-fold (from 7.70x107 to 91.29x10 mm?®) as the normal load increased from 5
to 25 N under the sliding distance of 50 m. The higher load and reciprocating cycle caused an
intensive shear stress and plastic deformation at the articulating asperities and thereby a greater
degree of wear volume on the Invar-36 surface. The wear volume was found to be 2.6x10°
mm?3, obtained at the lowest load and distance (5 N and 25 m). While, the most severe wear
(157.2x10°° mm?3) happened during the experiment conducted at the maximum applied load and
sliding distance (25 N and 100 m). This finding is coincident with the mean surface roughness
(Ra) observations (Table 3). The lowest Ra value (0.353 um) was obtained from the experiment
performed at the normal load of 5 N and the sliding distance of 25 m while the highest Ra value
(1.953 um) was obtained from the test conducted at the load of 25 N and the sliding distance of
100 m.
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Figure 4. Wear volume of Invar-36 obtained after the articulation against the alumina ball at
the loads of 5, 15 and 25 N and the sliding distances of 25, 50, 75 and 100 m.

Figure 5 shows the specific wear rate as a function of the sliding distance, obtained on the Invar-
36 surfaces under the applied loads of 5, 15 and 25 N. When the normal load was increased
from 5 to 25 N, the specific wear rate was observed to increase constantly from 1.98-2.99x10
® 10 6.33-11.45x10° mm3/Nm. But, the results were diverse when the number of sliding cycle
was increased. At the lowest applied load (5 N), the specific wear rate was increased by 46%
(from 1.98x107 to 2.90x107° mm3/Nm) as the sliding distance was increased from 25 to 50 m,
and remained around the same level at 75 m (2.72x10° mm*Nm) and 100 m (2.99x107
mm3/Nm). At 15 and 25 N, on the other hand, the specific wear rate was reduced with the
increase in the sliding distance and the reduction was more remarkable from the sliding distance
of 25 to 50 m. The decrease in the wear rate even though the increase in the wear volume
indicates a reduction in the wear intensity due to the densification process. The occurrence of
wear intensity was reported by Kuang et al. (2022) [12] under elevated normal loads.
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Figure 5. Specific wear rate of Invar-36 at the loads of 5, 15 and 25 N and the sliding distances
of 25, 50, 75 and 100 m.

Table 3. Average surface roughness, mean COF, wear track width and depth, volume loss and
wear rate of Invar-36 alloy, subjected to dry-sliding reciprocating wear tests under various loads
and sliding distances.

Nomenclature Ra Mean Wear Wear Wear Wear rate
(um) COF track track volume (10°
width depth (103 mm?3/Nm)
(um) (um) mm®)
25m-5N 0.353 0.498 361.3 5.68 2.63 1.98
25m-15N 0.924 0.460 716.4 18.84 27.53 7.31
25m-25N 1.753 0.408 993.2 36.25 71.10 11.45
50m-5N 0.562 0.507 526.3 6.79 7.69 2.90
50m-15N 1.066 0.475 729.2 24.47 39.79 5.28
50m-25N 1.285 0.374 936.1 37.42 91.29 7.35
75m-5N 0.681 0.505 568.0 11.78 10.81 2.72
75m-15N 1.037 0.470 774.3 26.69 55.37 4.90
75m-25N 0.830 0.376 975.8 41.97 126.13 6.77
100m-5N 0.669 0.499 571.0 10.97 15.89 2.99
100m-15N 0.756 0.466 172.7 30.05 69.25 4.60
100m-25N 1.953 0.390 1115.3 60.57 157.19 6.33
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3.2.Surface Wear Analysis

Photographs, SEM and EDS mapping images of the wear scars obtained from the Invar-36
surfaces undergone a minimum (25m-5N), moderate (100m-5N) and maximum (100m-25N)
wear deformation were shown in Figures 6-8. Micro-cracks perpendicular to the sliding
direction were seen because of fatigue loading occurred during the wear tests, which indicates
the occurrence of plastic deformation on the Invar-36 surface during the articulation. The plastic
deformation was more evidence at increased sliding distances and normal loads. Moreover,
SEM images obtained from the wear tracks showed micro-scratches parallel to the sliding
direction, mainly caused by the plowing of the asperities on the Invar-36 surface. There also
found to be the occurrence a large amount of wear debris during the wear test.

The EDS analysis was conducted to detect the oxidation behavior of the wear scars, as shown
in Figures 6-8(d-e). There found to be iron (51.1-53.4 wt.%) and nickel (28.3-28.8 wt.%) on
the wear tracks, which are available in the chemical composition of Invar-36 (Table 1). The
presence of oxygen (17.7-20.2 wt.%) and aluminum (0.2-0.5 wt.%) should be noted, which
indicates the oxidation of the surface and a small amount of elemental transfer from the abrasive
ball. With the increase in the applied load, there observed to be an increase in oxygen levels
due to the effect of increasing temperature and the increased wear of the abrasive ball which
triggers the material transfer.

The SEM-EDS investigation on the wear tracks clearly shows that the mechanism of wear
failure of Invar-36 alloy was complicated and occurred by the combination of abrasion, plastic
deformation, and oxidation, acting simultaneously. The surfaces suffered severe wear when the
tests were performed at higher applied loads and sliding distances, as evidenced by deeper and
wider wear tracks (Figure 3 and Table 3). The wear track widths of 25m-5N, 100m-5N and
100m-25N were measured as 370.4, 570.3 and 1123.1 um from the SEM images, respectively
(Figures 6-8(b)). These values were consistent with those obtained from 2D profilometry
(Figure 3 and Table 3).
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Figure 6. (a) A photograph, SEM images magnified by (b) X100 and (c) x1500, (d) EDS
mapping and (e) EDS spectra of the worn surface obtained from the experiment performed at
the sliding distance of 25 m and the load of 5 N.
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Fatigue cracks

Figure 7. (a) A photograph, SEM images magnified by (b) X100 and (c) x1500, (d) EDS
mapping and (e) EDS spectra of the worn surface obtained from the experiment performed at
the sliding distance of 100 m and the load of 5 N.
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Figure 8. (a) A photograph, SEM images magnified by (b) X100 and (c) x1500, (d) EDS
mapping and (e) EDS spectra of the worn surface obtained from the experiment performed at
the sliding distance of 100 m and the load of 25 N.
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4.

Conclusions

In the current study, systematic dry sliding wear tests of Fe-based superalloy Invar-36 against
alumina ball in a ball-on-disk tribometer using various parameters of sliding distance and
normal load was conducted. The following conclusions can be drawn.

1.

Both friction coefficient and specific wear rate of Invar-36 are strongly affected by the
sliding parameters (the normal load and number of reciprocating cycles).

The friction coefficient of Invar-36 (0.37-0.51) was found to decrease with increasing
applied load, with a minimum value at 25 N. On the other hand, only a slight increase
in the COF was reported with increasing the number of reciprocating cycles.

The wear volume of Invar-36 was ranged from 2.63x107 to 157.17x10° mm?®. The alloy
exhibited higher wear volume at increased applied loads and the number of sliding
cycles.

A constant increase in the wear rate (from 1.98-2.99x107 t0 6.33-11.45x10° mm3/Nm)
was observed with the increase in the applied load. But, the wear rate was lowered when
the sliding distance was increased especially at higher applied loads, due to the
densification process.

The wear mechanism on the Invar-36 surfaces was complicated with the combination
of oxidation, abrasion, and plastic deformation, which became more intense when the
normal load or sliding distance was increased.
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