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	[bookmark: _Hlk55811559]Abstract 
An advanced class of materials that can be used for vibration damping are magnetorheological elastomers (MREs). These materials have the ability to resist vibration perturbations by adjusting the mechanical properties of the material in response to a magnetic field applied from an external source. The purpose of this study is to determine the effect of adding magnetic magnetite (Fe₃O₄) nanomaterials to MREs. Thus, it is expected that this new material will be more sensitive to the magnetic fields. MREs consist of carbonyl iron powder (CIP), silicone oil, and silicone rubber in the ratio of 30%, 5%, and 65%. Magnetite was then added to the MRE at levels of 0.5%, 1%, 1.5%, and 2%. Observations on this new material include the elemental composition of the material and viscoelastic material testing on various compounded formulations in the laboratory. From the test results, it is found that the addition of 0.5% Fe₃O₄ to MRE is the best choice compared to other mix designs because it has the highest delta tangent value with strong damping performance in the frequency range of 1 to 100 Hz.
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INTRODUCTION
Smart materials have been defined as functional substances that are able to sense and respond to a variety of environmental stimuli. These stimuli may include optical, electrical, magnetic, mechanical, thermal, and chemical signals [1]. These materials can significantly change their properties under controlled conditions [2]. The utilization of smart materials has been instrumental in propelling advancements across a diverse array of disciplines, including but not limited to wearable devices, neuromorphic computing, and biomimetic robotics [3]. These materials can be engineered and customized for particular functional applications, with notable examples including shape memory polymers, intelligent liquid metals, and flexible conductive polymers [3]. The aerospace industry has a marked interest in smart materials due to the aforementioned properties that are characteristic of such materials, namely, self-sensing, self-adaptability, and memory capabilities [4]. A wide array of printing methodologies, including inkjet printing and three-dimensional printing, have been employed to manufacture intelligent micro/ nanodevices that utilize smart materials [1]. As research in this field continues to advance, the integration of smart materials is poised to play a pivotal role in the development of a smart society [3].
Magnetorheological elastomers (MREs), a class of advanced materials, are composed of magnetic particles dispersed within an elastomeric matrix. These particles possess a tunable response to applied magnetic fields, resulting in the ability to adjust the mechanical properties of the material [4], [5], [6], [7]. A comprehensive review of the extant literature reveals a substantial corpus of research identifying the significant influences on MRE performance, including the fabrication process, particle type and size, matrix material, and additives [8]. MREs exhibit field-dependent stiffness and damping properties, rendering them suitable for a range of applications, including the use of vibration absorbers, isolators, soft actuators, and sensors [4], [9]. The characteristics of the MRE can be changed by adjusting the strength of the insulator through an external magnetic field created by applying an electric current to the insulator coil. The results of the research show that as the current applied to the isolating coil is increased, the magnetic field is increased and the stiffness of the MRE is increased [6], [7].
Nanomaterials are defined as particles or materials with at least one dimension in the 1-100 nm range [10], [11]. The potential applications of nanomaterials encompass a broad spectrum, ranging from traditional materials and medical devices to electronic components and coatings [12]. Magnetite (Fe₃O₄) magnetic nanoparticles have recently attracted considerable research interest owing to their multifaceted applications. This compound is an iron oxide with magnetic and electrical properties. It is ferrimagnetic. Fe₃O₄ is a magnetic material with a unique set of properties that make it the mineral with the strongest magnetic properties found in nature. Its magnetic properties are influenced by a variety of factors including oxidation level, particle size, and method of synthesizing [13], [14], [15], [16], [17]. 
The purpose of this research is to investigate the effect of the addition of Fe₃O₄ nanoparticle, which has strong magnetic properties, on MRE. Meanwhile, the MRE commonly researched by the authors is vibration damping. Thus, with the addition of Fe₃O₄ nanomaterial, it is expected that the new MRE will be more sensitive to magnetic fields. This opens up the potential of MRE-based vibration dampers in applications where tunable magnetic fields, which provide tunable stiffness of the MRE, can be used to significantly reduce undesirable vibration.

MATERIAL AND METHODOLOGY
The manufacture of MREs involves the use of multiple materials, including carbonyl iron powder (CIP), silicone oil, and silicone rubber [18], [19], [20], [21], [22]. In the present research, the material mixture of MR elastomer was modified with the addition of Fe₃O₄ nanomaterial. This modified material is henceforth referred to as the new MRE. The procedure for producing new MRE is outlined in Figure 1 and generally encompasses three steps. 
Initial steps entail the amalgamation of materials, namely silicone rubber, silicone oil, micrometer-sized iron carbonyl magnetic particles (CIPs), and Fe₃O₄ nanomaterial. The percentage by weight for each of the materials can be found in Table 1. 
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Figure 1. The Step-by-step new MRE Fabrication

Table 1. The Weight Percentage for Each Material
	Name
	Silicone oil
	Silicone rubber
	CIPs
	Fe₃O₄

	MRE-1
	5%
	65%
	30%
	0%

	MRE-2
	5%
	65%
	29.5%
	0.5%

	MRE-3
	5%
	65%
	29%
	1.0%

	MRE-4
	5%
	65%
	28%
	2.0%



The first step in developing new MREs is to select the right materials. The materials of choice are CIPs, a low magnesium and manganese compound from Sigma-Aldrich. Silica oil Dow Coring Corporation 200® liquid with a viscosity of 60,000 cSt (25 oC) was supplied by Sigma-Aldrich. Sigma-Aldrich. Permatex provided transparent RTV (100% silicone rubber). Stirring is carried out at room temperature. The subsequent step involves the incorporation of CIP into the polymer matrix, a process that occurs during the stirring procedure, resulting in the presence of air bubbles. It is imperative to eliminate the air bubbles in the new MRE sample. The final step entails the transfer of the mixture's outcomes from the preceding steps into a mold of a designated size. The mold is then left for a duration of several hours to facilitate the hardening of the sample. Subsequently, the mold is filled with the sample material mixture and polymerized for 2-3 hours at elevated temperatures (200-500 0C). At ambient temperature, the polymerization is continued for up to 24 hours [19], [20], [23], [24], [25].
The classification of the new MRE samples is based on the observed particle distribution and subsequent analysis of the resulting architectures. In the case of the isotropic type, the particles are arranged in a random pattern, while in the anisotropic type, the arrangement of the particles occurs in a chain configuration. The occurrence of anisotropy arises due to the polymerization process, specifically in the final stage, when a magnetic field is applied to the composite matrix, leading to the alignment of the iron particles in the sample. Conversely, the isotropic form arises in the absence of an external magnetic field during the polymer hardening process, resulting in a random and irregular arrangement of the iron particles within the sample. The dimensions of the MRE used in this study can be seen in Figure 2, where the diameter is 3 cm and the thickness is 0.5 cm.
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[bookmark: _Hlk188469795]Figure 2. The Dimension of new MRE Sample

[bookmark: _Hlk188269751]After obtaining the shape and dimensions of the new MRE sample, several sample tests will be carried out. First, the test has been employed to explore the morphological properties of isotropic new MRE. A scanning electron microscope SEM-EDX (Scanning Electron Microscope-Energy Dispersive X-ray Spectroscopy) is used to take high-resolution images of a sample's surface and analyze its elemental composition.
Viscoelastic materials have two main components of modulus: Storage modulus, which indicates the ability of the material to store elastic energy. Loss modulus, which indicates the energy lost as heat due to internal friction within the material. The higher the loss modulus, the more energy is absorbed and lost as heat. If the loss modulus increases with temperature, the material is likely to undergo viscoelastic relaxation or phase transition (e.g. glass transition in polymers). The ratio of loss modulus to storage modulus is called tan δ (damping factor), which indicates how effective the material is at damping mechanical energy. The second test uses the TA Instrument DHR1 Rheometer is an instrument that is used to determine the rheological properties of a sample in response to a given force. The loss modulus, storage modulus, and tan δ (damping factor) of the material are measured in this research.

RESULTS AND DISCUSSION
Microstructures of new MRE have been observed by SEM mainly regarding magnetic particle dispersion in the matrix. Typically, NEW MRE samples were first cut perpendicular to the disk surface after immersion in liquid nitrogen before SEM observation. In addition, energy dispersive X-ray spectroscopy (EDAX) with Fe-mapping image analysis was used to characterize the orientation of the magnetic particles within the rubber matrix. The randomly dispersed particles of the various volume fractions of the isotropic new MRE observed by SEM are shown in Figures 3-4. Meanwhile, the weight % and atomic % elemental composition of the isotropic new MRE are listed in Tables 2-3.
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Figure 3. Dispersed Particles of Sample new MRE
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Figure 4. Surface Image of Sample new MRE
Table 2. Elemental Composition Weight %
	Element
	MRE-1
	MRE-2
	MRE-3
	MRE-4

	C
	52.02
	50.65
	50.00
	50.3

	O
	25.96
	30.62
	25.47
	23.64

	Si
	16.22
	13.61
	15.53
	18.13

	Fe
	5.80
	5.12
	9.01
	7.93



Table 3. Elemental Composition Atomic %
	Element
	MRE-1
	MRE-2
	MRE-3
	MRE-4

	C
	65.28
	62.88
	64.36
	64.90

	O
	24.45
	28.53
	24.60
	22.90

	Si
	8.70
	7.22
	8.54
	10.00

	Fe
	1.57
	1.37
	2.49
	2.20



Based on Tables 2-3, several patterns of compositional change were observed. Carbon (C) remained relatively stable at about 50-52% in all samples, indicating that it is the major component. Oxygen (O) showed an increase in MRE-2, followed by a slight decrease in MRE-3 and MRE-4, indicating increased oxidation in MRE-2. Silicon (S) content decreased slightly in MRE-2, but increased again in MRE-3 and MRE-4, indicating variation in silica content between samples. Iron (Fe) content showed a slight decrease from MRE-1 to MRE-4, which may be due to the addition of Fe₃O₄ causing a redistribution of iron in the material. Overall, the changes in elements observed were relatively small with no significant trends. The most notable changes were in oxygen and iron, possibly related to the modifications made in each sample. 
	As shown in Table 2-3, there is a decrease in weight % from MRE-1 to MRE-3. Carbon experienced a slight decrease from 52.02% to 50.00% in MRE-3. This could be due to the increase of other elements such as oxygen (O) and silicon (Si). In MRE-4, carbon increased slightly back to 50.30%, suggesting that the modification performed may not have significantly changed the carbon content. Although the weight %  of carbon decreased slightly, the atomic percentage remained high (62.88% - 65.28%). This indicates that although the mass of carbon is slightly reduced, the proportion of carbon atoms is still dominant in the material structure. It can be concluded that carbon remains the dominant element in all samples. The decrease in weight % may be compensated by the increase in other elements such as oxygen and silicon. The relatively stable Atomic % indicates that changes in the mass distribution are more significant than changes in the number of carbon atoms.
	The results for the second test use the TA Instrument DHR1 Rheometer is an instrument that is used to determine the rheological properties of a sample in response to a given force are shown in Figures 5-7, they are storage modulus, loss modulus, and tan δ (damping factor) of the material.


Figure 5. Storage Modulus


Figure 6. Loss Modulus


Figure 7. Tan δ
Based on the Storage modulus, Loss Modulus, and Tan δ data shown in Figures 5-7, MRE-1 performance has variable tan delta values, with maximum values at low frequencies (217,869 at 1,167 Hz). It shows good attenuation at low frequencies. MRE-2 performance has the highest tan delta at mid-frequencies (242,524 at 1,167 Hz), indicating strong damping potential. It is shown effective at absorbing energy in this frequency range. MRE-3 performance has the lowest tan delta at most frequencies, indicating less attenuation and less effectiveness in vibration-damping applications. MRE-4 performance has a fairly good tan δ but degrades at high frequencies. It has shown that can still perform well in damping, but not as effective as MRE-2. For vibration damping in the 1-100 Hz frequency range, MRE-2 is the best choice as it has the highest tan δ at intermediate frequencies, indicating strong damping capability. MRE-1 also performs well at low frequencies. MRE-4 is still viable, but less optimal than MRE-2. MRE-3, with the lowest value, is not recommended for this application. Therefore, for effective vibration-damping applications in this frequency range, MRE-2 should be selected as the primary material.

CONCLUSION
It can be concluded from this research that an MRE add the Fe₃O₄ nanomaterial has been created. For vibration damping in the 1-100 Hz frequency range: MRE-2 is the best choice as it has the highest tan delta value and strong damping performance at intermediate frequencies. MRE-1 is also an excellent choice with high stiffness and good damping capability. MRE-4 is still feasible, but less optimal than MRE-1 and MRE-2. MRE-3, with the lowest tan delta and storage modulus values, is not recommended for this application. Therefore, for optimum vibration damping applications in the 1-100 Hz frequency range, MRE-2 should be selected as the primary material, followed by MRE-1 as an excellent alternative.
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Storage Modulus (KPa)




MRE-1	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	3.9294000000000004E-3	6.5546000000000007E-3	1.5238900000000002E-3	3.4709200000000002E-3	1.8410200000000001E-3	5.1469899999999997E-3	1.0247699999999999E-3	4.26685E-3	3.76085E-3	2.7608699999999999E-3	2.5388699999999999E-3	4.0125600000000001E-3	3.7397600000000004E-3	3.3891699999999999E-3	3.9707399999999995E-3	3.58188E-3	3.7054200000000001E-3	3.73581E-3	3.5810199999999999E-3	3.7310999999999998E-3	3.6319899999999999E-3	4.0809399999999999E-3	4.1831899999999998E-3	4.4810400000000004E-3	4.6679300000000007E-3	4.8836400000000007E-3	5.1205699999999996E-3	5.2093599999999997E-3	5.8254799999999992E-3	6.7618000000000001E-3	6.8717399999999994E-3	MRE-2	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	4.5748799999999999E-3	2.41654E-3	2.5056200000000001E-3	3.6051799999999999E-3	1.3447000000000001E-3	1.56252E-3	1.9581500000000001E-3	2.4334000000000001E-3	1.843E-3	1.88569E-3	2.4716899999999999E-3	2.4217800000000001E-3	2.5448599999999999E-3	2.9728699999999999E-3	2.9944299999999997E-3	2.90515E-3	2.74391E-3	2.9341199999999997E-3	3.2138100000000001E-3	3.1904400000000001E-3	3.16366E-3	3.6040100000000004E-3	3.6340500000000002E-3	3.7266000000000001E-3	3.8766599999999997E-3	4.0243700000000002E-3	4.1834899999999998E-3	4.3510200000000006E-3	4.5413599999999995E-3	4.5611100000000002E-3	3.2788299999999999E-3	MRE-3	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	1.8799000000000001E-3	2.70798E-3	2.0295600000000001E-3	7.2162300000000001E-4	2.5267600000000003E-3	1.63291E-3	1.87576E-3	1.82602E-3	1.7464100000000001E-3	2.3141300000000002E-3	2.0649099999999997E-3	1.9532400000000002E-3	2.0255400000000002E-3	1.89503E-3	2.1145300000000003E-3	2.1644499999999996E-3	2.4606900000000002E-3	2.3881599999999998E-3	2.4465799999999998E-3	2.65585E-3	2.8480200000000002E-3	2.8598600000000001E-3	2.98219E-3	3.0715E-3	3.20557E-3	3.3239699999999999E-3	3.4857500000000001E-3	3.6559399999999999E-3	4.2326799999999999E-3	4.1678399999999999E-3	2.8447699999999999E-3	MRE-4	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	3.6758000000000003E-3	4.82716E-4	2.2507500000000001E-3	2.5367900000000001E-3	2.8610300000000001E-3	2.0335900000000001E-3	3.0375599999999999E-3	1.69853E-3	2.9163800000000001E-3	2.23048E-3	1.66731E-3	2.7616399999999997E-3	2.94145E-3	3.0508800000000002E-3	3.2464299999999998E-3	3.1618699999999998E-3	2.8084E-3	2.7823600000000002E-3	3.3374299999999997E-3	3.3690600000000001E-3	3.2604499999999998E-3	3.5389800000000002E-3	3.8254000000000001E-3	3.7830100000000003E-3	4.00147E-3	4.1620299999999997E-3	4.41917E-3	4.7633900000000002E-3	4.7312999999999999E-3	4.7993599999999999E-3	4.8211700000000005E-3	Frequency 9Hz)


Loss Modulus (KPa)




MRE-1	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	0.13241700000000001	0.21786900000000001	4.8629100000000001E-2	0.114486	5.7122699999999998E-2	0.16233300000000001	3.1328399999999999E-2	0.13065399999999999	0.11623699999999999	8.35785E-2	7.6388499999999998E-2	0.120742	0.11022899999999999	9.8410999999999998E-2	0.11551	0.101822	0.1051	0.104614	0.10020900000000001	0.103089	9.8979999999999999E-2	0.111362	0.113333	0.12024799999999999	0.12504199999999999	0.13029399999999999	0.13628399999999999	0.137595	0.155781	0.179509	0.17993300000000001	MRE-2	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	9.8050700000000005E-2	0.24252399999999999	0.168933	0.13463	0.11257300000000001	7.2205900000000003E-2	7.8018100000000007E-2	0.117775	8.8398900000000002E-2	0.117086	9.4048300000000001E-2	7.69788E-2	8.6148299999999997E-2	9.7369300000000006E-2	0.10251300000000001	0.10030799999999999	0.101605	9.9361599999999994E-2	0.10671899999999999	0.10717	0.101525	0.115554	0.117775	0.119959	0.124191	0.12725600000000001	0.13192400000000001	0.13526199999999999	0.15238699999999999	0.15559600000000001	0.169596	MRE-3	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	5.8920500000000001E-2	0.221274	8.5853200000000005E-2	0.139295	0.13101399999999999	9.1824699999999995E-2	0.100921	6.6804199999999994E-2	5.4596899999999997E-2	0.10502300000000001	0.10780099999999999	0.118449	0.10127800000000001	0.108401	0.104795	0.103857	0.102232	0.10982500000000001	0.112368	0.12453400000000001	0.118245	0.12249599999999999	0.123852	0.125247	0.12937100000000001	0.13411899999999999	0.13549700000000001	0.14961199999999999	0.13524700000000001	0.156943	0.19297500000000001	MRE-4	1.0005079617834396	1.1665207006369427	1.3600398089171974	1.5856831210191082	1.8487738853503184	2.1555254777070063	2.5131847133757961	2.9301433121019107	3.4162898089171971	3.983073248407643	4.6439649681528659	5.4144585987261147	6.3127070063694264	7.360127388535032	8.5813535031847135	10.005079617834394	11.665111464968152	13.600493630573249	15.856942675159234	18.487738853503185	21.555254777070061	25.131687898089172	29.301433121019109	34.163057324840764	39.831210191082796	46.439012738853499	54.14410828025477	63.12754777070063	73.602070063694271	85.812579617834388	100	0.135243	1.7271600000000002E-2	7.8468499999999997E-2	8.9866699999999994E-2	9.9933900000000006E-2	7.0196999999999996E-2	0.105333	5.8147999999999998E-2	9.8616899999999993E-2	7.4549199999999996E-2	5.5560600000000002E-2	9.1304399999999994E-2	9.6346899999999999E-2	9.9329399999999998E-2	8.2362299999999999E-2	0.10108499999999999	8.9143899999999998E-2	8.7617E-2	0.104409	0.10430399999999999	8.7299199999999993E-2	0.10764	0.114533	0.11308600000000001	0.118906	0.12328600000000001	0.13034999999999999	0.14055699999999999	0.14039299999999999	0.13830600000000001	0.155469	Frequency (Hz)


Tan Delta (degree)
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