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ABSTRACT

In this study, the wear behavior of Monel 400 alloy under different load and speed conditions was investigated using both
experimental tests and numerical simulations. Wear tests were carried out using tungsten carbide (WC) ball with high
hardness and abrasiveness. In the experiments, it was observed that there was a significant increase in the wear rate with
the increase in applied load and speed. It was determined that especially at high loads, the material loss on the surface
accelerated and more distinct wear marks were formed on the contact surface. The simulations performed were modeled
based on Archard's wear law and verified with the experimental data obtained. According to the results obtained by
simulation, the stress on the abrasive ball surface increases as speed and force increase. A maximum etrror rate of 12.30%
was calculated between the simulation results and the experimental data, which shows that the finite element model is
quite reliable in wear predictions. For example, in the wear tests carried out at a speed of 50 mm/s, a 168.4% increase in
material volume loss occurred when the load was increased from 30 N to 50 N. This finding reveals the significant effect
of the load on wear mechanisms. The studies show that the developed finite element model is successful in calculating
wear deformations. In addition, results supporting that Monel 400 is a material with high wear resistance and can be used
in applications requiring wear resistance in particular have been obtained. Future studies can be expanded to include
different abrasive materials, changing environmental conditions and more complex loading scenarios.
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Monel 400 Alasiminin Farkh Yiik ve Hiz Kosullar1 Altinda Asinma Davranisinin Deneysel ve
Sayisal Incelenmesi

OZET

Bu ¢alismada, Monel 400 alagiminin farkli yiik ve hiz kosullar1 altindaki aginma davranist hem deneysel testler hem de
sayisal simiilasyonlar kullanilarak incelenmistir. Asinma testleri, sertligi ve asindiricilig1 yiiksek olan tungsten karbiir
(WC) bilyesi kullanilarak gergeklestirilmistir. Deneylerde, uygulanan yiik ve hizin artmasiyla asinma miktarinda belirgin
bir yiikselme oldugu gézlenmistir. Ozellikle yiiksek yiiklerde, yiizeydeki malzeme kaybmin hizlandigi ve temas
yiizeyinde daha belirgin asinma izlerinin olustugu tespit edilmistir. Gergeklestirilen simiilasyonlar, Archard’in aginma
yasasina dayali olarak modellenmis ve elde edilen deneysel verilerle dogrulanmistir. Simiilasyonla elde edilen sonuglara
gore agindirict top yiizeyinde meydana gelen gerilme hiz ve kuvvet arttik¢a artmaktadir. Simiilasyon sonuglari ile deneysel
veriler arasinda maksimum %12,30 hata orani hesaplanmistir ki bu, sonlu elemanlar modelinin asinma tahminlerinde
oldukga giivenilir oldugunu gostermektedir. Ornegin, 50 mm/s hizda yapilan asinma testlerinde, yiik 30 N’dan 50 N’a
¢ikarildiginda malzeme hacim kaybinda %168,4’liik bir artis meydana gelmistir. Bu bulgu, yiikiin asinma mekanizmalari
tizerindeki Onemli etkisini ortaya koymaktadir. Yapilan g¢alismalar, gelistirilen sonlu elemanlar modelinin aginma
deformasyonlarini hesaplamada basarili oldugunu gostermektedir. Ayrica, Monel 400’{in yiiksek aginma direncine sahip
bir malzeme oldugunu ve 6zellikle asinma direnci gerektiren uygulamalarda kullanilabilecegini destekleyen sonuglar elde
edilmistir. Gelecekte yapilacak galismalar, farkli agindirict malzemeler, degisen g¢evresel kosullar ve daha karmagsik
yiikleme senaryolarini igerecek sekilde genisletilebilir.

Anahtar Kelimeler: Triboloji, Asinma, Siirtiinme, Hacim kaybi

1. INTRODUCTION

Monel 400 is a special alloy based on nickel and copper and is widely used in industrial applications with
its outstanding corrosion resistance, mechanical strength and thermal stability [1,2]. Its resistance to high
temperatures and harsh operating conditions makes it a preferred material in critical areas such as nuclear
reactors, chemical process equipment, aviation and marine applications [3,4]. However, despite these
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properties, alloys such as Monel 400 can face certain challenges from wear mechanisms. Wear can cause
surface deterioration in metal materials, reducing their functional life and increasing maintenance costs [5,6].
Therefore, identifying different wear mechanisms in Monel 400 and understanding the wear behavior of this
material is critical to optimizing its industrial use. Due to the high wear risk of Monel alloys, the tribological
distribution of this material has been the subject of research for many years. Today, researchers focus on
studying the wear of Monel 400 under different conditions. Esgin et al. investigated the wear properties of
different Monel alloys produced by powder metallurgy and determined the highest mass consumption
properties of Monel 400 under the same test conditions. In addition, only the wear ranges of this alloy were
determined during the wear test [1]. Ma et al. investigated the tribocorrosion behavior of Monel 400 by
abrasion and wear tests under different loads in an artificial seawater environment. Regardless of the load
amount, small and scattered areas were observed on the surface after the wear test and it was concluded that
abrasion is the pressing mechanism in the tribocorrosion process of abrasion [7]. Kuklifiski et al. investigated
wear resistance and reported that microstructural alterations in Monel 400, resulting from processes like laser
boriding, could enhance its hardness and, consequently, its wear properties. Their study primarily examined
microhardness, concluding that optimised laser treatments could enhance the wear resistance properties of this
alloy [2,8]. Furthermore, research on cavitation erosion and erosive wear indicates that the mechanical
properties and wear resistance of Monel 400 are considerably influenced by its microstructure, underscoring
the importance of composition and processing conditions in determining wear performance [9]. Furthermore,
the challenges related to the processing of Monel 400 hinder its use in manufacturing environments, as
evidenced by multiple machining studies. Research has been conducted on Electrical Discharge Machining
(EDM) techniques to optimise the manufacturing of components from Monel 400. Modifications in EDM
parameters, including pulse duration and current, significantly influence material removal rates and tool wear
during machining. These factors are essential for preserving the integrity of the alloy throughout the machining
process [10—12]. Kuklinski et al. examined the potential of advanced surface treatment techniques, specifically
laser alloying, to improve the wear resistance and mechanical performance of Monel 400 under extreme
operating conditions through boron coating [8,13].

Research has examined the impact of surface modification and material composition on wear resistance.
Findings indicate that the boring process enhances wear performance, while load and speed are critical factors
influencing abrasive wear. Additionally, BN-MXene reinforcements have been found to enhance the dry
sliding wear behaviour of AA7075 alloy [14].

Wear studies on different composite materials and metals and Finite element method (FEM) simulations
are among the widely researched topics in the field of tribology. The pin-disc test setup is one of the basic
experimental methods widely used in wear analysis. FEM based software such as ANSYS and ABAQUS are
preferred for numerical analysis. The first modeling study to predict wear behavior was developed by Archard
[15], and this model was applied to different types of wear and was found to be in good agreement with
experimental wear data.

Firaol et al. [16] conducted a detailed study on wear measurement and wear analysis of overhead line
contact wire using ANSYS Workbench software. Sullivan developed a mathematical model that describes the
relationship between applied load and wear, and various factors were considered as Archard wear coefficient
in this model [17]. The authors conducted experimental studies including finite element analysis of sliding
wear in metals. The model was formulated in Lagrangian framework and Archard law was used in wear
calculations. Validation of the model was carried out using a brass pin rotating on a steel disk [18].

This study covers experimental studies and numerical simulation analyses to investigate the wear behavior
of Monel 400 alloy. The samples for the wear test were prepared following G133 standards, and the test was
conducted using a flat ball tester. Furthermore, experiments were conducted at loads of 30 N, 40 N, and 50 N,
with speeds of 40 mm/s and 50 mm/s over 100 meters. In the experimental section, wear experiments will be
carried out on Monel 400 samples under various test conditions and the volume loss and friction coefficient of
the material will be investigated. Additionally, numerical simulations performed in ANSY'S Ls-Dyna software
using the finite element method (FEM) were used to predict the wear behavior of Monel 400 and the results
were compared with experimental data. In this way, the study will provide a comprehensive approach to better
understand the wear mechanisms in Monel 400 with both experimental and numerical methods. Determining
the wear mechanisms in Monel 400 is a critical step to increase the longevity and performance of this material.
The findings obtained by combining experimental and numerical analyses can guide engineering applications
in design and material selection. In this context, the results of the study are expected to make significant
contributions to industrial areas that utilize Monel 400, especially in heavy-duty conditions.
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2. MATERIAL AND METHOD
2.1. Dry Sliding Wear Simulation

Wear behavior was investigated in ANSYS package program using FEM approach. Wear depths agree with
the experiment. The methodology used in the analysis is presented in the following sections.

2.2. Modeling Geometry

The geometry model was created by ANSYS design modeler. The ball and plate FE model was given a
perfect contact constraint. The diameter of the abrasive ball (WC) is 6 mm, the abrasive plate (Monel 400) is
5 mm high, 6 mm wide and 2 mm thick. Ansys package program uses Archard's wear model to simulate wear.
The FE model is meshed according to a minimum size as shown in Figure 1. The plate has a quadrilateral
mesh, while the mesh pattern on the ball is triangular and quadrilateral.

0,000 5,000 10,000 (mm)
I I

2,500 7.500

Figure 1. FE-modeled volumetric mesh.

2.3. Experimental Wear Test

Monel 400 material was used in this test. Its chemical composition is given in Table 1.

Table 1. Chemical composition of Monel 400 material.

Material Ni Fe C Mn Si S Cu
Monel 400 %063 %2.,5 %0,30 %2 %0,5 %0,024 %28

The surface of the samples to be subjected to abrasion testing was first sanded with 800 grit sandpaper and
then with 1200 grit sandpaper. Then, it was polished with 3 pm Al>O; suspension. After preparing the samples
to be subjected to abrasion testing, a ball on flat test device was used in accordance with ASTM G133 standards
[19-21]. Ball on flat wear device is in Karabuk University Mechanical Engineering Tribology Laboratory. The
wear device has a maximum speed of 60 mm/s and a maximum stroke length of 30 mm. In this study, the
stroke length was determined as 10 mm [22]. WC was used as the abrasive ball [22-24]. Additionally, tests
were carried out under 30 N, 40 N and 50 N loads, at 40 mm/s and 50 mm/s speeds and at a distance of 100
meters. The chosen loads, speeds, and distances for the wear test were established through a comprehensive
analysis of existing literature, industry standards, and preliminary experiments, ensuring they accurately reflect
the operational conditions commonly experienced in real-world applications of Monel 400, thereby yielding
reliable and pertinent results [25,26]. Additionally, each experiment was repeated 3 times, and the averages of
the results were used. During the experiments, the friction coefficient value is obtained instantly from the wear
test device. The concept of the friction coefficient can be described as the ratio of the frictional force to the
normal load acting between two contacting surfaces. It is essential to note that the friction coefficient is not a
static value; it varies with conditions such as surface roughness, material properties, and lubrication [27].
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3. EXPERIMENT AND OPTIMIZATION RESULTS

The wear behavior of friction samples was tested by finite element and experimental methods. Experimental
data and simulation results are presented in this section by extrapolating according to the principles of
Archard's wear law [15].

3.1. Evaluation of Stresses on Abrasive Ball in Simulation

The abrasive ball was kept in contact with the wear surface by making a linear movement throughout the
test. Pure sliding is observed between the ball and the plate during the test. The plate material moved equally
under each load examined. Figure 2 shows the Von-misses stress contours on the abrasive ball from the
simulation performed at variable loads and speeds. In order to reduce the calculation time, the analyses were
performed at one stroke length. According to the results obtained by simulation, the lowest stress on the
abrasive ball surface occurred at a speed of 40 mm/s and a load of 30 N, while the highest stress occurred at a
speed of 50 mm/s and a load of 50 N.
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Figure 1. Von-Mises stress distribution on the abrasive ball 40 mm/s a) 30 N b) 40 N ¢) 50 N; 50 mm/s d) 30 N e) 40 N
f) SON.

In Figure 2, as the test load increased, the Von-Mises stress value on the ball increased. At a wear rate of
40 mm/s (Figure 2a, b, and c), the stress value is 50.933 MPa and 89.387 MPa under loads of 30 N and 50 N,
respectively. At a wear rate of 50 mm/s (Figure 2d, e, and f), the stress values on the ball are 49.846 MPa and
91.305 MPa, respectively. At 40 mm/s, the stress value increased by 75% (Figure 2a to Figure 2¢) and at 50
mm/s, it increased by 83% (Figure 2d to Figure 2f). In Figure 3, the stress region on the ball is within an
average diameter of 4 mm for all test results.

3.2. Evaluation of Volume Loss in Wear

The amount of deformation on the worn surface was calculated by averaging the data taken from three lines
in the simulation. In the experimental study, the wear depth was determined by averaging the data taken from
three regions with a profilometer. Then, the volume losses were calculated. The volume loss values obtained
in the experimental and simulation studies are compared in Figure 3. In the simulation, the wear values of these
materials were determined without taking into account the so-called third layer or friction layer that forms at
the interface between the plate and the ball during the sliding of the friction material. This friction layer on the
ball surface acts as a lubricant, providing load-bearing capability and serving as a buffer zone, which helps
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reduce the wear rate of the contacting materials. When the agreement between the simulation and experimental
studies is examined in Figure 4, the average deviation in the studies conducted at 40 mm/s speed is obtained
as 6.17%. The average deviation at 50 mm/s speed is obtained as 12.30%. The average volume loss value
obtained in the studies conducted at 40 mm/s speed is 0.0426 mm®. The average volume loss value obtained at
50 mm/s speed has increased by 17.91% compared to 40 mm/s speed. When the results are examined in
general, the study conducted by Cakir [28] and Odabas [29] supports these results. In these studies, as the
speed increases, the volume loss increases.
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Figure 3. Comparison of volume loss a) 40 mm/s, b) 50 mm/s.

3.3. Evaluation of Friction Coefficients in Wear Test

The friction coefficient values occurring at different loads are presented graphically in Figure 4. The friction
coefficient value increased depending on the increase in load. The highest friction coefficient value at 40 mm/s
speed was 0.83 and at 50 N load. This value decreased by 26.5% at 40 N load and by 45.78% at 30 N load.
There is a 10.76% increase in the average friction coefficient when going from 40 mm/s speed to 50 mm/s
speed. The study by Zhang et al. [30] strongly supports these results. The characteristics of the third body
formation between the sliding surfaces determine the friction and wear at low loads. They wear particles in the
ball and plate samples formed a friction layer by their oxidation. The ball, acting as an abrasive while sliding,
caused the friction layer in the wear zone to lift. This restricts the friction layer from extending continuously
at higher loads. The results of this study align well with existing literature, indicating consistency with prior
research on the wear behaviour of Monel 400 under different conditions. This alignment enhances the
reliability of the observed trends and offers additional validation for the current understanding of the material's
tribological performance [9—11].
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Figure 4. Comparison of friction coefficients in the sliding distance of the ball at different loading conditions (30 N, 40
N and 50 N) and speeds of a) 40 mm/s and b) 50 mm/s.
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4. CONCLUSIONS

This research presents novel insights into wear mechanisms by investigating the wear behaviour of Monel
400 across various load and speed conditions through both experimental tests and simulations. In the wear
tests, a WC ball was utilised as the abrasive, and the resulting data were analysed in accordance with Archard's
wear law principles. The findings indicate that the finite element model utilising the perfect contact method
effectively predicts the deformation distribution on the wear surface during dry sliding. The analysis
confirmed a significant effect of increasing load and speed conditions on wear amount, revealing that volume
loss increased markedly, particularly under high load conditions. This study offers a thorough analysis of the
wear resistance of Monel 400 through the integration of experimental and numerical findings. The findings
indicate the material's potential for engineering applications that demand high wear resistance. Future research
should broaden its scope to include various abrasive materials and environmental factors, thereby enhancing
the understanding of wear mechanisms.
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