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Abstract 

 

This work investigates the development and analysis of a novel resonant sensor for 

ferrous contaminations in aqueous media. Resonant sensor is a class of sensors that 

employ a structure vibrating at resonance. Hence, the proposed sensing device works 

on the principle of detecting the dynamic response of a vibrating beam resulting from 

the attraction of iron contaminants present in aqueous solutions to its surface. The 

ferromagnetic property of the Fe-Cu bimetallic alloy is utilized to capture the 

contaminants as it is applied as a coating layer on aluminium components. The 

synthesis of the ferromagnetic material and the coating process were carried out in a 

planetary ball mill which allows the formation of a homogenous coating layer at low 

operating temperatures. Microstructural characterization tests, including XRD, SEM 

and EDS, were performed to confirm the formation of the single-phase Fe-Cu alloy and 

inspect the structural features of the coating layer. A series of experiments was 

conducted to examine the quality of the deposition of the coating material and select 

the optimum synthesis process parameters. Experimental results revealed a successful 

deposition of a 499 nm thickness layer of the Fe-Cu alloy on the aluminum substrate 

after coating for 5 hours at a rotational speed of 600 rpm. The produced coated beam 

samples have the ability of carrying a maximum of 7 mg of iron powder. An 

experimental set-up, comprising a mini shaker, a laser distance sensor, and a function 

generator, was built and used to investigate the proposed sensing mechanisms and 

validate the developed mathematical continuous model for beams fully immersed in 

fluid media subject to base excitation. This model was also used to generate the 

frequency responses of the coated beam in different fluid media and predict the change 

in its dynamic response resulting from the added mass when exposed to iron 

contaminants in water showing a 0.1 Hz shift in natural frequency due to added mass 

equivalent to 2% of the mass of the beam.  

 

Keywords: Fe-Cu alloy, ferrous contaminants, vibrating beam, resonant sensor, 

frequency response. 
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Chapter 1. Introduction 

 

In this chapter, an overview about the existence of iron contamination in water 

bodies and underground water around the globe is presented. Its allowable limit is stated 

and the serious consequences on human health when exceeding this limit are 

highlighted. Then, the main objective of this work is described stating the problem and 

summarizing the approach followed to solve this issue. Finally, the research 

contribution and the general organization of the Thesis are presented.    

1.1. Overview 

 Iron constitutes one of the naturally existing metal ions in earth crust and soil, 

water bodies and underground water. The highest permissible amount of iron in 

drinking water, as specified by the World Health organization is 0.3 mg/l [1]. The 

existence of heavy iron contaminations in rivers and groundwater has been observed in 

many areas including Upper Yamuna [2], Swarnamukhi [3], and Burdwan [4]. A study 

by Borah et al. [5]  reported on 11 samples out of 25 exceeding the permissible amount 

of iron in drinking water in Darrang district, Assam, India. Moreover, Figure 1 shows 

a mapping of areas in USA with iron limits below and exceeding the 0.3mg/L limit [6]. 

This figure reveals the significant presence of iron in US groundwater. 

 

 

Figure 1 Average concentration of iron in U.S. groundwaters for the years 1990-2010 [6]. 

 An extensive amount of iron intake may lead to iron overload which is directly 

related to several serious diseases such as Thalassemia, Hemochromatosis, diabetes 

mellitus, chronic liver disease, arthritis Parkinson, heart failure, Alzheimer, and some 
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kinds of cancers [7] [8]. In a study dealing with the effect of contaminated drinking 

water on human health in Dakahlyia Governorate, Egypt, the goal was to relate certain 

contaminants in drinking water to common and recurring diseases in that area [9]. It 

was found that liver cirrhosis cases were related to iron-contaminated drinking water. 

Trace elements were studied using atomic absorption spectrophotometer (AAS) [9]. 

Wen et al. [10] showed in their 11 years study conducted on 309443 adults in Taiwan 

that 35% of the males and 18% of the females of their sample showed a high serum iron 

level (>120µ/dL) which was related to higher risk of liver and breast cancer [10]. 

Moreover, it is worth mentioning that a study by Mirlohi et al.  [6] showed that people 

aged above 50 cannot sense iron in water by taste until it exceeds an average of 0.498 

mg/L.  

 Laboratory procedures exist to detect and quantify the iron content. These 

procedures include but are not limited to atomic spectrometry, spectrophotometry, 

chemiluminescence, and voltammetry in addition to chromogenic method [11] [12].  

However, they require the use of sophisticated equipment, the collection of samples 

from aquatic environments on a regular basis, or the deployment of expensive solvents 

and reagents, and a long lead time for sample treatment and analysis in the cases of 

fluorescence and colorimetry [13]. As such, there is need for the development of an 

efficient, highly sensitive and reliable detection and sensing devices for iron in aquatic 

environment that can perform real-time monitoring of water contamination based on 

on-site measurements of iron concentrations. This technology will allow environmental 

protection agencies to actively detect and counteract iron pollution before it can spread 

and harm human’s health.   

1.2.  Thesis Objectives 

In this work, a novel material for detecting ferrous contaminants that can be 

used in a miniature sensing device is presented. This device utilizes the ferromagnetic 

property of the Fe-Cu metastable alloy layer coated on a cantilever beam shaped 

substrate. The idea is to use the change in the static and dynamic response of a vibrating 

beam resulting from the attraction of iron particles/ions by the coating material to detect 

the presence of iron and estimate its concentration. As a proof of concept, aluminum 

samples are coated, characterized, and tested for the purpose of this sensing application. 

The coating method relies on a simple sustainable coating technique utilizing the kinetic 
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energy of the particles moving inside a planetary ball mill. A set of characterization 

tests including XRD, SEM and EDS have been conducted to inspect the quality of the 

developed coating material. Moreover, an experimental set-up, comprising a mini 

shaker, laser distance sensor, and function generator, is implemented to examine the 

operability of the sensing system, assess its performance and reliability, and investigate 

two detection mechanisms: static and dynamic modes. Finally, a mathematical model 

of the design is formulated to simulate the dynamic behavior of the device and generate 

the frequency response of the coated Aluminum beam immersed in contaminated water.  

1.3. Research Contribution 

The following points highlight the significance of the present work:   

• Present a thorough literature study about iron contamination in water and its 

effects on the human health, and the most well-established methods of detecting 

iron contaminations in aqueous solutions including Fluorescence, Colorimetric, 

MEMS and Metal Organic Framework sensors.  

• Experimentally study the Ball Milling technique as an efficient method of 

synthesizing and coating the Fe-Cu binary alloy on substrates and analysing the 

outputs to tune the process parameters and enable better control of the outcomes. 

• Explore the ferromagnetic behaviour of the Fe-Cu alloy and quantify its 

magnetic strength using a creative approach. 

• Propose a cost-effective miniature Ferrous contaminants resonant sensor that 

exploits the ferromagnetic properties of the Fe-Cu coating layer and the 

sensitivity of the dynamic and static responses of vibrating beams to added 

mass. 

• Conduct experimental and numerical analyses of the sensing mechanisms. 

1.4.  Thesis Organization 

The next parts of this work are organized as follows: Chapter 2 provides a 

thorough literature review of the previous works on the detection of iron contaminations 

in aqueous solutions, an overview on the use of the ball milling technique and the Fe-

Cu alloy properties. Moreover, a theoretical background is presented discussing a 

mathematical model of the proposed resonant sensor. Chapter 3 presents the 

experimental methodology along with the microstructural characterization techniques. 

The proposed experimental setup is illustrated and explained in Chapter 4. The results 
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and the main outcomes of this study are presented and discussed in Chapter 5. Finally, 

Chapter 6 presents the concluding remarks and the future work that can be done to 

further enhance this work.  
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Chapter 2. Literature Review and Theoretical Background 

 

2.1  Literature Review   

 The serious risks of the excessive iron contaminants in water supply have 

prompted various research efforts aiming to explore and develop iron detection 

techniques and sensors. Sahu et al. [14] reported in their study on surfactant-free copper 

nanoclusters as a fluorescence biosensor sensor utilized to detect iron (III) in aqueous 

solutions and biomolecules with limit of detection (LOD) of 2µM and 0.8µM, 

respectively [14]. Polymer dots were reported by Chan et al. as a sensor capable of 

detecting Cu2+ and Fe2+ by methods of fluorescent probe [15]. Another study by Li et 

al. presented a modified silver nanoparticles (4-MBA-TMB-AgNP) sensor that operates 

based on the principle of colorimetry where the solution changes color from gray-white 

to purple when sensing iron (II) with a detection limit of 1.00 μM [16]. Kumar et al. 

[17] presented a colorimetric strip sensor that detects iron in aqueous solutions after 15 

minutes interaction between the sensor and the solution where the minimal 

concentration detectable by naked eye was found equal to 50 ng/mL [17]. Moreover, 

Zhang et al. [13] conducted an experimental investigation on the dual response of 

fluorescent probe with the capability to detect iron and copper ions with a LOD of 

0.12µM  and 0.14 µM , respectivly [13]. Another photoluminescent sensor was 

proposed and developed by Mahmoud et al. [18]. It demonstrated high selectivity of 

iron in aqueous solutions and a detection limit of 1.56 x 10-5 mol/L [18].  

 The sensing of iron contaminants by employing metal-organic framework 

(MOF) materials constitutes one of the rapidly growing routes, given their outstanding 

characteristics, such as high specific surface areas and tunable pore size, and easy 

functionalization of the organic part upon selection of different metal ions and organic 

bridging ligands [19]. Wang et al. [20] reported on a nanoscale MOF colorimetric 

sensor cable of detecting Fe3+ with a color changing effect noticeable to the naked eye. 

Moreover, highly sensitive MOF fluorescent sensor was developed by Hu et al. [21] 

that is capable of detecting iron cation with a quenching constant of 2.893 x 104 M-1. 

Another multifunctional luminescent MOF sensor was developed by Guo et al. [22] 

with the capability of detecting iron ions with an LOD of 0.39 μM. Finally, in some 

studies MOFs were used not only as a sensing method but also as a treatment technique 

of arsenic water, with adsorption capacity up to 115 mg/g iron [23]. 
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Figure 2. (a)Schematic, (b)Micrograph, (c) and (d) SEM images showing the iron sensing device suggested by 

Wahl et al [24]. 

 

 As the discussion of material selection for sensor composition continues, the 

integration of such material into a suitable sensing device deserves no less attention. 

Wahl et al. [24] proposed a device of interdigitated nanowire electrode arrays used for 

the detection of iron shown in Figure 2. The device dimensions are 100 nm in width,50 

nm in height, ~45 µm long and with 500 nm spacing placed on a Si/SiO2. The LOD 

was found in the order of 0.6 mg/L [24]. Over the last two decades, the use of micro-

electro-mechanical systems (MEMS) sensors has received significant attention by the 

scientific community in areas such as mass, chemical and bio-molecules detection. A 

study by Wang et al. [25] proposed a bio-inspired miniaturized sensor for lead detection 

showing sensitivity of 32 nA/(μg/L) with a detection time of 30s [25]. Another work 

by Possas-Abreu et al. [26] showed a successful design and implementation of a MEMS 

sensor capable of detecting 12 organic compounds in vapor. Moreover, Khan et al. [27] 
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reported on the design of a sensor detecting mycobacterium tuberculosis utilizing a 

MEMS cantilever beam capable of detecting the bacteria in patient’s blood.  

 One of the technologies being utilized to make MEMS devices oriented towards 

a certain application is the coating on the surface of a vibrating microstructure. For 

example, Jaber et al. [28] deployed a Metal Organic Framework coating on an 

electrically actuated microbeam to develop a miniature sensor for simultaneous 

detection of water vapor and temperature. Holthoff et al. [29] proposed the use of 

molecularly imprinted polymers for identifying elements in MEMS chemical sensors. 

In addition, Pandya et al. [30] were able to coat a microstructure with functionalized 

layer with the purpose to diagnose breast cancer.  

 There are several routes for introducing the material with an affinity to a target 

analyte or contaminant to the surface of the sensing element. Some of these routes are 

chemical (e.g. CVD), physical (sputtering) or mechanical. Mechanical depiction 

technologies are usually selected due to their reliability, cost-effectiveness and being 

dry technologies that need not chemicals or extreme operating conditions (high 

temperature or pressure). Planetary ball mills work on the simple principle of the 

rotation of a sun and planet disks as illustrated in Figure 3. This technique is commonly 

used in the synthesis of alloys that are naturally immiscible or difficult to produce via 

conventional alloying techniques. It utilizes the kinetic energy of the moving balls to 

make the alloying process occur rather than suppling thermal energy to heat the alloy 

components [31] [32].  

 

 

Figure 3 Schematic of the motion of planetary ball mills [31]. 
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 There are several studies that attempted to exploit the concept of the ball milling 

process that produces high levels of kinetic energy at low temperatures as a coating 

technique. Takacs et al. observed that plates attached to inner walls of the crucibles can 

be coated with the powder charge and in some cases the powder may fuse into the 

substrate [33]. This method was successfully utilized in several recent studies showing 

homogenous coating on the surfaces of several substrates [34] [35]. This method has 

an advantage as an energy saver over other techniques used for coating surfaces with 

magnetic coatings such as electroplating [36] and laser-assisted heating [37].  

 Materials in general are categorized into 5 different classes in terms of 

magnetism, where each class reacts differently when exposed to a magnetic field. 

Paramagnetic and Diamagnetic materials react momentarily by arranging the internal 

field either parallel or opposite to the field [38]. In simple words, paramagnets get 

weekly attracted to a magnet and diamagnets would be weekly repelled. Ferromagnets 

on the other hand have the unique property of being attracted to a magnet and staying 

magnetic when removed from a magnetic field. These different behaviors of materials 

are associated with electrons and are explained by microscopic theory of magnetism 

[39].  

 The binary metastable Fe-Cu alloy has been the topic of several research efforts 

during the last few decades [40] [41] [42].  This is due to its interesting mechanical 

[34], electrical, thermal and magnetic properties [43] [44] [45]. Liu et al. [46] described 

the formation of the icosahedral phase of Fe-Cu alloy as unusual in the 1990 work 

discussing its magnetic and thermal properties. The material was proved to have a 

significant impact on the surface properties such as the hardness when applied as a 

coating layer [47]. Moreover, it has a unique magnetic behavior as reported by 

Drbohlav and Yavari [48] in 1995, showing a ferromagnetic property at room 

temperature for the Fe50Cu50 composition. 

2.2  Theoretical Background 

 The working principal of the proposed system relies on the change in the static 

and dynamic responses of a cantilever beam resulting from the adsorption of 

contaminants by the coating material. These designs has been commonly used in the 

available literature on sensors, especially miniaturized ones allowing researchers to 
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develop a wide variety of devices that are capable of detecting explosives [49], pressure 

sensing [50], energy harvesting [51] and biological mass sensing [52] [53]. 

 

 

Figure 4 Schematic comparing between static and dynamic modes of detection [54]. 

 

 2.2.1 Mass detection modes. There are two well established modes for the 

detection of mass utilizing a cantilever beam structure. In the first method, the static 

deflection of a cantilever beam due to an added mass is measured and the mass leading 

to this deflection is calculated (static mode). This sensing mode relies on the change in 

surface stresses where the upper surface of the cantilever beam experiences higher 

tension and the lower surfaces experiences higher compression, where the larger mass 

results in higher deflection. The other method is based on detecting the shift in the 

natural frequency of a beam oscillating at its resonance due to its mass increase [54]. 

This is referred to as the dynamic mode. The natural frequency can be obtained by 

conducting FFT analysis of the dynamic response of the beam. The schematic in Figure 

4 presents a comparison between the static and dynamic modes for mass detection 

utilizing a cantilever beam. The natural frequency of a vibrating structure 𝜔0 can be 

expressed as   

𝜔0 = √
𝑘

𝑚0
 (rad/s) (1) 
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where 𝑘 is the stiffness of the structure and 𝑚0 is its mass. After the addition of a mass 

∆𝑚 to the surface, the natural frequency of the system (denoted by 𝜔1) will depend on 

the original mass 𝑚0 and the added mass ∆𝑚 as follows. 

𝜔1 = √
𝑘

𝑚0 + ∆𝑚
 (2) 

The added mass can be then estimated from the frequency shift as.  

∆𝑚 = 𝑘[
1

𝜔1
2 −

1

𝜔0
2] (3) 

The aforementioned expression of the added mass is a rough estimation based on a 

simple representation of the vibrating beam.  

 2.2.2 Mathematical model of vibrating beams immersed in fluid media. The 

mathematical model governing the bending of a thin cantilever beam vibrating in fluidic 

media (air and water) is formulated in this section. The beam is of length 𝑙, width 𝑏, 

and thickness ℎ placed at a gap distance 𝑑 from a laser sensor and submerged in fluidic 

medium. The beam is actuated by a mini shaker attached to its clamped end (base 

excitation). It is coated with a detector material selective to a target analyte present in 

the medium (ferrous contaminants). The attraction of particles by the coating material 

increases the effective mass of the sensor. The resulting shift in the resonant frequency 

∆𝑓 of the vibrating beam is used to detect the presence or concentration of the ferrous 

contaminants in the media. Figure 5 shows a schematic of the proposed beam with the 

functional coating and the attracted iron particles under base excitation. 

 

 

Figure 5 Schematic of the sensing beam under base excitation 
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 Following Euler-Bernoulli beam assumptions and accounting for the added 

mass 𝐴𝑚, the dissipation mechanisms (structural and hydrodynamic damping), and the 

base excitation, the equation of motion governing the transverse deflection 𝑤(𝑥) of the 

sensing beam is expressed as: 

(𝜌𝑏ℎ(1 + 𝐴𝑚) +
𝑚𝑓

𝑙
)

𝜕2𝑤(𝑥, 𝑡)

𝜕𝑡2
+ (𝑐𝑠 + 𝑐ℎ)

𝜕𝑤(𝑥, 𝑡)

𝜕𝑡
+

𝐸

1 − 𝜈2
𝐼

𝜕4𝑤(𝑥. 𝑡)

𝜕𝑥4

= 𝐹𝑒(𝑡) 

 

(4) 

 

where 𝜌 is the beam density, 𝑚𝑓 is the total mass of the coating material and ferrous 

contaminants, 𝑐𝑠 and 𝑐ℎ denote the structural and hydraulic damping coefficients, 

respectively, 𝐸 denotes the Young’s modulus, 𝜈 denotes the Poisson’s ratio and 𝐼 is the 

second moment of area of the beam. The excitation force is proportional to the base 

acceleration as: 

𝐹𝑒(𝑡) = −𝑚
𝑑2𝑦

𝑑𝑡2
 (5) 

𝑚 = 𝜌𝑏ℎ(1 + 𝐴𝑚) +
𝑚𝑓

𝑙
 denotes the total mass per unit length. The base is assumed to 

be subject to harmonic actuation in the form of  

𝑦(𝑡) = 𝑌 cos(Ω𝑒𝑡) (6) 

𝑌 and Ω𝑒 denote the amplitude and frequency of the base excitation. The added mass 

coefficient 𝐴𝑚 and the hydraulic damping coefficient 𝑐ℎ are given by [55] 

𝐴𝑚 =
1

𝜌𝑏ℎ
 
𝜋𝜌𝑓𝑏2

4
(𝑎1 + 𝑎2√

2𝜇

2𝜋𝑓𝜌𝑓𝑏2
) 

(7) 

 

𝑐ℎ =
𝜋𝜌𝑓𝑏2

4
2𝜋𝑓 (𝑏1√

2𝜇

2𝜋𝑓𝜌𝑓𝑏2
+ 𝑏2

2𝜇

2𝜋𝑓𝜌𝑓𝑏2
) (8) 

where 𝑎1 = 1.0553, 𝑎2 = 3.7997, 𝑏1 = 3.8018, 𝑏2 = 2.7364 . 𝜌𝑓  and 𝜇 are the 

density and viscosity of the surrounding fluid, respectively. 𝑓 is the natural frequency 

of the vibrating beam immersed in the fluidic domain (air or water). This frequency is 

the solution of the following nonlinear algebraic equation [55] : 
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𝑓 −
𝑓𝑣

√1 +
1

𝜌𝑏ℎ 
𝜋𝜌𝑓𝑏2

4
(𝑎1 + 𝑎2√

2𝜇
2𝜋𝑓𝜌𝑓𝑏2)

= 0 

(9) 

Here, 𝑓𝑣 =
𝛽2

2𝜋𝑙2 √
𝐸𝐼

𝜌𝑏ℎ
 is the natural frequency of the beam in vacuum and 𝛽 indicates 

the mode number. 

 Following the single-mode Galerkin approach, the beam deflection is 

approximated by: 

𝑤(𝑥, 𝑡) ≅ 𝜑(𝑥)𝑞(𝑡) (10) 

where 𝜑(𝑥) is the mass-normalized mode shape of the cantilever beam and 𝑞(𝑡) is the 

modal coordinate. The mode shape 𝜑(𝑥) is expressed as:  

𝜑(𝑥) = √
1

𝑚𝐿
[cosh (

𝜆𝑥

𝑙
) − cos (

𝜆𝑥

𝑙
) − 𝜎 (sinh (

𝜆𝑥

𝑙
) − sin (

𝜆𝑥

𝑙
))] (11) 

 In the present study, the vibrations of the cantilever beam near the primary 

resonance (first mode) is considered. As such, 𝜆 = 1.87510407 and 𝜎 =

0.734095514. Figure 6 shows the first three vibration mode shapes 𝜑(𝑥) of a 

cantilever beam with 50 mm length and 0.4 g mass. The corresponding values of the 

parameters  𝜆 and 𝜎 are given in Table 1. 

 

 

Figure 6 Vibration mode shapes of a cantilever beam. 
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Table 1 Values of λ and 𝜎 for the first three mode shapes. 

Mode number 𝜆 𝜎 

1 1.875 0.7341 

2 4.694 1.0185 

3 7.855 0.9992 

 

Substituting Equation (10) in Equation (4), multiplying by the mode shape 𝜑, and 

integrating the result from 0 to 𝑙,  the following ordinary differential equation is 

obtained 

𝑑2𝑞

𝑑𝑡2
+ 2𝜉𝜔𝑛

𝑑𝑞

𝑑𝑡
+ 𝜔𝑛

2𝑞 = (𝑚𝑌Ω𝑒
2 ∫ 𝜑(𝑥)𝑑𝑥

𝑙

0

) cos(Ω𝑒𝑡) 

 

(12) 

𝜔𝑛is the natural frequency (in rad/s) and 𝜉 = 𝜉𝑠 + 𝜉ℎ  is the total damping ratio. The 

damping coefficient is expressed in terms of the natural frequency and damping as 

follows: 

𝑐 = 𝑐𝑠 + 𝑐ℎ = 2𝑚𝜉𝜔𝑛 (13) 

  

Equation (12) can be solved numerically or analytically.  

 The beam tip deflection amplitude is given by  

𝑤𝑙 = |
𝑚𝑌Ω𝑒

2
∫ 𝜑(𝑥)𝑑𝑥

𝑙

0

𝜔𝑛
2 − Ω𝑒

2 + 2𝑗𝜉𝜔𝑛Ω𝑒

|  𝜑(𝑙) (14) 

 where 𝑗 is the unit imaginary number.  

 The developed code used for solving the equations presented is added to the 

Appendix section of this work. The simulation results along with the verification of the 

above model will be presented in Chapter 5.  
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Chapter 3. Experimental Methodology 

 

 In this chapter, the experimental methodology is discussed, including the 

development of the proposed sensor, the characterization of the coating material and 

the implementation of the testing setup. Figure 7 shows a schematic summarizing the 

experimental methodology involving three main steps, namely: synthesis of the sensing 

material, coating the substrate, and analysis of the response of the sensor using the 

developed experimental set-up. 

 

 

Figure 7 Schematic summarizing the experimental methodology. 

 

3.1  Synthesis of the Coating Material  

 The Fe-Cu powder is prepared via mechanical alloying of the precursors (iron 

and copper powders used as received from Segma-Aldrich) in the Fritsch premium line 

Pulverisette 7 planetary ball mill. This type of ball mills is the most commonly used as 

it provides the required speed ratios, ball-powder orientation, and capable of grinding 

a variety of materials in both wet and dry operation modes. The parameters of the dry 

ball milling process are fixed at 600 rpm of milling speed, for 6 hours duration with a 

30-minute break between each hour. As for the ball-to-powder ratio, it is fixed at 6:1 

using 10 mm diameter stainless steel balls, and the powders are added in 1:1 mass ratio. 
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This process provides the required energy –in the form of collisions- which allows the 

interdiffusion between the Fe and the Cu particles to happen creating a new solid-state 

solution. As the mass ratio is sat to be 1:1, the outcome of this processes is the 

metastable single-phase Fe50Cu50 alloy. The development of this material, along with 

the intermediate phases it undergoes is further explained when discussing the X-Ray 

diffraction in Section 3.4.1 of this study. Finally, it is worth to mention that this process 

can be upscaled by using high-pressure blasting to coat bulk quantity of aluminum 

sheets [56] [57] . 

3.2  Substrate Coating Technique 

 The coating technique used in this study utilizes the kinetic energy of the small 

particles inside the ball milling machine to create a coating layer on the aluminum 

substrate. For the purpose of experimentally testing the effect of the coating thickness 

and structure on the behavior of the produced samples, several sets of parameters are 

tested by varying the milling speed and time, while fixing the quantity of powder used 

to coat the substrate. Four milling speeds starting at 200 rpm, up-to 800 rpm are mainly 

tested while the milling time was varied from 1 to 5 hours. Moreover, the mass of the 

powder used to coat the substrate is fixed to be 3 grams which allows a consistent 

comparison between the two previously mentioned process parameters. 

3.3  Magnetization Technique  

 To magnetize the thin ferromagnetic layer coated on the aluminum substrate 

Weistron Programmable Electromagnet shown in Figure 8 is used. This is done by 

placing the coated samples in a constant magnetic field. The electromagnet with 4 Ohm 

coil resistance and maximum power of 1500W is used to generate a 1 Tesla magnetic 

field between the two iron cores where the coated sample is placed for 10 minutes. 

 

Figure 8 Weistorn Programmable Electromagnet. 
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3.4  Characterization Techniques  

 3.4.1 X-ray diffraction. X-Ray Diffraction (XRD) is used to insure the 

sufficient inter diffusion of the binary Fe-Cu alloy and the formation of the single-phase 

form. The XRD patterns are recorded in the 2θ geometry where time and step size are 

specified as input parameters. The XRD apparatus used in this study is Bruker D8 

Advance DaVinci multipurpose X-ray diffractometer with Cu Kα radiation operating 

at λ = 1.5406 Å, 40 kV tube voltage and 40 mA current. Alami et al demonstrated the 

successful synthesis of Fe-Cu after 6 hours of milling, showing the development of the 

XRD patterns in as illustrated in Figure 9 [58]. In the As-is state, peaks indicating the 

existence of the BCC iron and FCC copper are both present. However, as can be seen 

in Figure 9, as the milling process starts, changes in the microstructure start to occur 

until a final state is reached after 6 hours of milling where the only peaks that exist are 

representative of the single-phase metastable FCC Fe-Cu alloy.  

 

Figure 9 XRD results of the development of the single-phase Fe-Cu  [58]. 

 

 3.4.2 Scan electron microscope /energy-dispersive x-ray spectroscopy. 

Scanning Electron Microscope (SEM) and the coupled Energy Dispersive X-ray 

Spectrometer (EDS) are used to characterize the surface properties of the coated 

samples to enable visualizing the structure of the coating and the distribution of the 

elements within the inspected area.  SEM and EDS can also be utilized as tools for 
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measuring the thickness of the coating using cross sectional imaging by SEM or the 

thickness analysis via EDS. The SEM used in this work is VEGA3 XM by TESCAN, 

operating at 5 kV, while the EDS analysis is conducted with both map and point modes 

at the same operating voltage. 

3.5  Assessment of Magnetization   

 In order to quantify the mass added to the coated beam samples post the 

magnetization process the samples are weighed, dipped in iron powder and shook to 

remove any excess powder that is not attached to the beam by magnetic attraction. 

Afterwards, the beams with the attached iron powder masses are measured using 

RADWAG analytical scale with a resolution of 0.0001g and linearity error of ± 0.2 mg 

and the mass of the beam is subtracted. The beam is later cleaned from the powder and 

preserved for the same process to be repeated over four days to assess the duration 

within which the coating can preserve the magnetic behavior. 
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Chapter 4. Experimental Testing Set-up   

 

 As mentioned in the theoretical background section of the Thesis in Chapter 2, 

there are two main methods of utilizing the tip deflection of a cantilever beam as a 

sensing method, namely, the static and dynamic modes. The static mode relies on 

detecting the added mass, resulting from the iron intake, from the static deflection of 

the free end of the beam while the dynamic mode relates the resultant shift in the natural 

frequency of the vibrating beam to the added mass. This chapter discusses the 

development of the experimental set-up to test the capabilities of the coating material 

deposited on the vibrating beam to detect the presence of iron in aqueous media. 

4.1 Set-up construction and components  

 The working principle of the proposed iron sensor is based on the vibration of 

the coated beam samples operating at resonance to amplify the output signal, where the 

actuation of the system is carried out via base excitation from an outer source (mini 

shaker). The captured iron particles will result in adding mass to the system and then 

causing a shift in the natural frequency. Both the dynamic and the static modes are 

studied in this work. The static mode is assessed by adding a known mass of the iron 

powder to the selected beam with 5 mg increments while recording the deflection of 

the beam’s tip. 

 For the dynamic mode, the prepared samples of aluminum substrates (treated as 

cantilever beams under base excitation) with the magnetized ferromagnetic Fe-Cu 

coating are utilized for sensing iron in aqueous solutions. The beams are excited at 

varying frequencies while exposed to the test media. The Smart Shaker K2007E01 with 

31 N output force,13mm stoke and 9 kHz frequency range with Integrated Power 

Amplifier by The Modal Shop is used to excite the beam at the desired frequency. An 

arbitrary waveform generator with advance signal generator function, namely Rigol 

DG1032Z, is used to perform a frequency sweep near the primary resonance. The tests 

are conducted in air, and in pure Deionized water (DI) for both coated and uncoated 

beam samples.  

 Figure 10 shows the CAD model and the actual the experimental testing set-up 

which is supported by the illustrated mounting structure designed to house the shaker, 

transparent water container, and the Baumer OM70 laser point / laser line distance 
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sensor which is used to measure the tip deflection as the beam is subject to base 

excitation. 

 

(a) CAD model 

 

(b) Actual sensing set-up 

Figure 10 Schematic of the experimental set-up: (a) CAD model, (b) actual set-up.  

 

4.2 Laser Sensor Connection and Communication  

 The Baumer laser point/laser line distance sensor is used to measure the tip 

deflection in the experimental set-up of this work. The sensor is a tested and certified 

equipment with a pulsed red laser diode generating a 660nm wavelength class one laser. 

The resolution of the device varies based on the set-up and the tested target is within a 
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range from 1.4 to 6.3µm when the highest precision filter is used and from 5.3 to 25µm 

without deploying a filter as per the technical specifications. The response delay time 

also depends on the mode of operation. It is 0.8 ms for single shot measurements and 

1.2 ms for continues operation. The measuring frequency of the sensor is 2500 Hz.   

  In order to operate the sensor as per the intended experiments, it needs a 15-28 

VDC power supply. Moreover, to be connected with a computer for data acquisition 

and processing, the communication takes place through an RS485 output which 

requires the use of an RS485 to USB/Ethernet converter. StatTech 1 Port industrial 

USB to RS422/RS485 serial adapter is used for this purpose.  In addition, H-term 

freeware is used as a user interface for communicating with the sensor using ASCII and 

HEX communication protocols. Figure 11 shows the connection schematic of the 

sensor with the converter and the power supply. Moreover, Figure 12 displays the actual 

circuit that connects the sensor, power supply, RS485 to USB adapter and the computer.  

 

Figure 11 Sensor connection schematic. 

 

 

Figure 12 Actual connection circuit with the laser sensor. 
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Chapter 5. Results and Discussion 

 

 In this chapter, microstructural characterization results are presented along with 

the experimental and numerical results obtained for the proposed iron sensor.   

5.1  Experimental Results   

 5.1.1 Microstructural characterization. 

 5.1.1.1 XRD. One important step that indicates the success of the desired Fe-Cu 

phase is X-Ray diffraction. Frequent samples are taken from the grinding bowls and 

tested in the XRD machine to assess the resulting peaks that are indicative of the degree 

of interdiffusion. Figure 13 displays the obtained XRD results of the prepared Fe-Cu 

powder. These XRD results confirm the presence of a single peak at 43º and then the 

formation of single-phase Fe-Cu is ensured, and milling can cease.  

 

Figure 13 XRD results of the prepared Fe-Cu powder. 

 

 It is worth to mention that since the metastable Fe-Cu alloy is naturally 

immiscible at room temperature, heating the sample results in the dissociation of the 

alloy. And hence, the reappearance of two peaks at 43º. Figure 14 shows the XRD 
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pattern of the Fe-Cu powder after heating at 500 ºC which is the temperature of the 

dissociation [58]. Another observation that is noticeable from Figure 13 is the formation 

of iron oxide, which is mainly due to heating under ambient conditions. 

 

 

Figure 14 The dissociation of Fe-Cu powder after heating at 500 º C. 

 

 Moreover, the XRD patterns of the aluminum beams coated with the Fe-Cu can 

be used to confirm the integrity of the coating material after the coating process is over. 

This helps to assess the effect of the coating process on the microstructure of the alloy. 

However, since the coating thickness is below 500 nm as reported in the following 

section of this study and the intensity of the peaks will be dominated by the aluminum 

substrate. Therefore, a sample with higher coating thickness (around 2µm) was 

prepared for the purpose of confirming that the coating technique has no effect on the 

final structure, but this sample is not further used in this study. Figure 15 shows the 

XRD pattern of the Fe-Cu coated Al beam where both the 43º and the 50º peaks co-

exist with the aluminum peaks from the substrate. 
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Figure 15 XRD pattern of aluminum substrate coated with the Fe-Cu powder. 

 

 5.1.1.2 SEM/EDS. 

 5.1.1.2.1 powder analysis: The SEM images in Figure 16 show the Field 

Emission SEM of the synthesized Fe-Cu by mechanical alloying via dry ball milling as 

explained in Chapter 3. There are two interesting observations that can be concluded 

form these images. First, the size variation of the resulting powder is significant, where 

some of the particles are around 50 µm in size and the size of others are below one µm. 

Second, the particles tend to cluster, and this is mainly due to the strong cohesive forces 

of the particles, which can be emphasized in the presence of even weak magnetic fields 

due to the magnetic nature of Fe. The clustering of the Fe-Cu powder due to the nature 

of the material and the synthesis process used gives an advantage to the coating method 

utilized in this study as it relies on the kinetic energy of the moving powder. However, 

in cases where a finer powder is required a second size reduction step is added after the 

alloying process is done by further milling with smaller diameter balls.  
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Figure 16 FE-SEM images of the Fe-Cu powder using two different sensors. 

 5.1.1.2.2 coating homogeneity and thickness: The Fe-Cu coating will introduce 

the desired magnetization effect to the paramagnetic aluminum substrates. It is expected 

that the homogenous distribution on the beam surface would result in even surface 

magnetization as well as good detection. The SEM, EDS and the coating thickness 

obtained via EDS of 6 different coated beam samples are summarized in Table 2. The 

samples are prepared at different coating parameters with milling speed varying from 

200 to 600 rpm as it was experimentally observed that coating samples at 800 rpm 

milling speed was destructive to the thin aluminum substrates as shown in Figure   17 . 

The EDS results show a consistent trend of elemental mapping of the aluminum, iron, 

and copper, where the signal of the Al substrate is the most dominant and the Fe-Cu 

coating is distributed homogenously throughout the samples. Another important 

observation regarding the coating thickness is visualized in Figure 18 where the 

samples are divided into two sets based on the coating time (2 hours and 5 hours). Both 
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sets show an almost linear trend of increasing the coating thickness with increasing the 

milling speed. However, it is worth to mention that the factor at which the thickness 

increases with increasing the milling speed is higher for the 5 hours coating time set in 

comparison to the one obtained for 2 hours coating time. Moreover, at each milling 

speed considered in this study, the coating thicknesses of the samples coated for 5 hours 

are higher than those coated for 2 hours.  

Table 2 SEM, EDS, and coating thickness of the produced coated beam samples. 

Milling 

Parameters 
SEM EDS 

Thickness 

(nm) 

 

 

 

200 rpm 

2hours 

 
 

87.2 

rpm  400

hours2 

 
 

143.8 

600 rpm 

2hours 

 

 

 

 

319 



38 

 

200 rpm 

5hours 

 

 

 

167.5 

400 rpm 

5hours 

 

 

 

 

360.1 

600 rpm 

5hours 

 

 

 

499.7 

 

 

Figure   17  Sample affected by high energy coating at 800 rpm 
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Figure 18 Variations of the coating thickness with the milling speed obtained for two sets of the beam 

samples (coating time of 2 hours and 5 hours). 

 

 5.1.2 Assessment of magnetization. To assess the magnetic behavior of the 

coated beams, the sample with the highest thickness is selected post the magnetization 

process mentioned in the Methodology chapter of the Thesis as it showed the best 

performance as a magnet when dipped in dry iron powder as illustrated in Figure 19 .  

 

  
(a) (b) 

Figure 19 Iron attracted by the coated beam: (a) highest thickness and (b) lower thickness. 
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 Figure 20 shows the behavior of the coated beam over the period of 4 days, 

where day one is the day the magnetization process took place. Here, the method of 

assessing the magnetic strength depends on measuring the mass of the powder that is 

attracted to the beam’s surface where the area subjected to the powder is the first 200 

mm2 of the beam. The results show that in day 1 the amount of the attracted iron powder 

is 7 mg, and this is taken to be the maximum amount the beam can attract. The following 

days show a general decay of the strength until it reaches a constant value after the 3rd 

day. The slight increase in the attracted powder mass in the fourth day might be due to 

the accuracy of the used balance. That is, the difference between mass of the days 3 and 

4 is around 0.7 mg and each point has an uncertainty of ±0.2 mg. Therefore, the attracted 

mass is considered to have reached a constant value of around 3 mg. This point can be 

further investigated by increasing the number of measurements per day and increasing 

the duration of the testing. 

 

Figure 20 Mass of the captured iron powder by the coated beam after being dipped in dry iron powder 

with time (error bars define the balance uncertainty). 
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 5.1.3 Dynamic and static detection modes results. As discussed earlier in the 

methodology chapter, both detection modes are studied in this Thesis. The geometry 

and material specifications of the beams under investigation are presented in Table 3. 

 

Table 3 Specifications of the used beam samples. 

Dimensions 

𝑙 × 𝑏 × ℎ (mm3) 

Material Form 

50 × 10 × 0.25 Aluminum (mainly) Flexible sheet 

  

 Figure 21 shows the distance data obtained from the sensor when mass is added 

in 5 mg increment. The results show an almost linear trend in the static tip deflection 

when mass is added. However, it is worth to mention that the illustrated results fall 

within the confidence limit of the used sensor and the obtained data can be affected by 

the linearity error. Hence, and taking a conservative assumption, the beam samples used 

in this study will be considered insensitive to masses less than 10 mg in the static mode 

which exceeds the maximum amount of powder that can be captured by the thin coating 

layer. This is mainly due to the geometry of the samples where more flexible beams 

can be designed with lower thicknesses and higher aspect ratios. Another approach to 

resolve this issue is to deploy a laser distance sensor with higher resolution or other 

measurement techniques (e.g., using piezoelectric patches made of microfiber 

composite) when measuring the static deflection. 

 

Figure 21 Results of the static mode detection showing data points within the confidence level of the 

laser sensor. 
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 Dynamic mode testing was performed on uncoated beams in air and water along 

with a coated beam sample in water using the set-up shown in Figure 10 where the 

samples were attached to the mini-shaker’s arm in a configuration that allows them to 

vibrate laterally as cantilever beams. Each experimental data point is obtained by taking 

the maximum value of 500 measurements captured at each frequency, which 

corresponds to the amplitude of vibrations. This corresponds to the operation at 

resonance that results in the maximum amplification in the beam vibrations. It is worth 

to mention that as per the distance laser sensor’s data sheet, it has a sampling frequency 

of 2500 Hz and a response time of 1.2 ms. Figure 22 shows the 500 measurements of 

the oscillating beam at its natural frequency with the maximum value of 10.45 mm and 

a time step of 0.11 s. This sampling time difference between the sensors’ specifications 

given in the technical sheet and the actual measurements is due to the used software 

and data converter deployed to communicate between the computer and the distance 

laser sensor. However, this does not affect the experimental procedure, as the output of 

interest is the amplitude of vibrations. 

 

 

Figure 22 Time response of the beam oscillation at 44 Hz. 
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 Moreover, the obtained values are corrected by subtracting the deflection values 

at the base to get the relative displacements. Indeed, since the beam samples are treated 

as cantilever beams, any deflection value due to the motion of the shaker’s arm should 

be disregarded. It is noticeable form the results represented in Figure 23 that the values 

of the relative base motion decreases as the frequency increases in an almost linear 

manner. The amplitude of the base excitation is found experimentally to be 1.705 mm 

at the natural frequency of the system.  

 

 

Figure 23 In-air deflection values near the base (each data point is the maximum value of 500 

readings). 

 

 The results obtained from the frequency sweep are used to verify the model 

suggested in this study which is later implemented for the same cantilever beam to 

prove the functionality of the sensing approach. Figure 24 shows the comparison 

between the frequency response generated by the model (blue curve) and the results 

obtained experimentally (orange curve) when the beam is vibrating in air under varying 

excitation frequency controlled through the mini shaker. The comparison shows a good 
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agreement between the two sets of data and indicate an accurate prediction of the 

natural frequency around 44 Hz, as exhibited by the peak of the frequency response 

curve.  

 

Figure 24 In air frequency response: a comparison between the numerical and the experimental results. 

 

 Similar to the in-air vibration results, the frequency responses of an uncoated 

Al beam along with a coated beam with a 360 nm coating layer submerged in DI water 

are measured over a range of frequencies starting form 1 Hz up-to 25 Hz with a 1 Hz 

step. Figure 25 shows that the natural frequency for both beams is around 7 Hz when 

vibrating in water. The shift in the natural frequency along with the reduction in the 

amplitude of the beam vibrations when shifting from air to water is illustrated further 

in Figure 26. This is a result of the added mass and damping of water compared to air. 

Moreover, both beams (coated and uncoated) show an almost identical trend due to the 

fact that the coated beam has only 360 nm of coating thickness and then resulting in an 

insignificant increase in the effective mass. On the other hand, keeping the same 

behavior proves that the beam keeps the same flexibility after coating and the hardening 

due to the coating method can be disregarded.  
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Figure 25 Experimental Frequency response of the coated and uncoated beams in Di water. 

 

Figure 26 Experimental Frequency responses of the uncoated beams when vibrating in air and water. 



46 

 

 When the study was taken further to the experimental assessment of the 

dynamic mode proposed for the detection of iron contaminants, several limitations were 

encountered. Some of them are related to the sensing method used in the experimental 

testing set-up constructed in this study. When the contaminates were introduced to the 

aqueous media, the laser distance sensor becomes ineffective due to the reflection of 

the laser beam when encountering the suspended iron particles. Other reasons are due 

to the physical capability of the sensing system such as the resolution of the current 

mini shaker is limited to 1 Hz which is insufficient in some cases such as illustrated in 

the next section. Moreover, the size of the used beam samples being is in the macro 

scale (surface area of 5 cm2) makes the surface tension forces required to adhere the 

captured particles by the magnetic force not sufficient to withstand the vibrations of the 

beam when operating in dynamic mode. These issues can be resolved when scaling 

down the device the micro level and deploy other transduction techniques (e.g. 

capacitive-based or piezoelectric) that can detect beam deflections in the order of 

micrometers. Further modifications to the proposed sensing system may include the 

replacement of the substrate material with a porous metal foam, enhancements of the 

coating material, studying the effect of localized high-density coating points and heat 

treatment. These design modifications are elaborated in Chapter 6 of the Thesis as 

possible future work. 

5.2  Simulation Results  

 In this section, a numerical analysis to verify the potential use of the dynamic 

mode for sensing the ferrous contaminants is conducted. This approach works by 

detecting the shift in the natural frequency that can be extracted from the peak of the 

frequency response of the vibrating beam. This numerical analysis is carried out using 

the model proposed earlier in Chapter 2 of this study after being validated 

experimentally as shown in Figure 24. However, in order to match the frequency 

response some tuning of the model parameters has been done by assuming some 

uncertainties in the physical and geometry properties of the beam samples under 

investigation where the Young’s modulus and the damping coefficient of the beam were 

selected by matching the peak response at resonance. The dimensions and material 

properties of the beam are presented in Table 4. The amplitude of the base excitation 𝑌 

is set to be 0.5 mm. Next, the deposition of ferrous contaminants on the beam is 

assumed using the maximum mass percentage noticed in Figure 20 which is around 2% 
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of the total mass of the beam. The resulting frequency response curves are shown in 

Figure 27. A frequency reduction from 7.73 Hz to 7.63 Hz is observed evident from the 

shift of the response peak to the left as a result of the softening effect of the added mass. 

This result indicates the need to use of a more sophisticated transduction technique with 

the capability to capture a frequency shift in the order of sub-Hz in order to effectively 

detect the expected amount of iron to be attracted by the coated beam. Other alternative 

to amplify the shift in the frequency resulting from added mass is to operate at higher 

modes [59]. Finally, the Mathematica code used to generate the frequency response of 

the dynamic mode following the proposed model is given in the Appendix of this work.           

Table 4 Dimensions and material properties of the sensing beam 

Dimensions Young’s 

modulus 

Poisson’s ratio Mass density Structural 

damping ratio 

𝑙 × 𝑏 × ℎ (mm3) 𝐸 (GPa) 𝜈 𝜌 (kg/m3) 𝜉𝑠 

50 × 10 × 0.2 32 0.33 2710 0.02 

 

 

Figure 27 Simulated frequency responses of the vibrating beam in water (with and without 

contaminants). 
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Chapter 6. Conclusion and Future Work 

 

 This thesis investigated the applicability of utilizing the ferromagnetic Fe-Cu 

coating layer on a resonating cantilever beam as a method of real-time sensing of iron 

contaminations in aqueous solutions for the purpose of monitoring iron levels in 

drinking water. The experimental results showed the successful synthesis and 

deposition of the Fe-Cu alloy using the ball milling technique. A linear increase was 

observed in the produced coating thickness when increasing the milling speed. A 

similar trend was observed when increasing the milling time. Post magnetization, a 499 

nm coating thickness was capable of attracting a maximum value of 7 mg of the iron 

powder. Moreover, an experimental set-up, made of a mini shaker, a laser distance 

sensor, and a function generator, was designed, and implemented to test the operability 

of two different mass sensing mechanisms. It was also used to validate the developed 

model simulating the vibrations of beams operating in air and water and subject to base 

excitation. The experimental results showed a good agreement with their counterparts 

obtained from the model which was also used to investigate the response and limitations 

of the present sensor.  

 Finally, to take this work to the next step, the test environment can be taken to 

a smaller scale with changing the substrate from aluminium to silicon, which is 

frequently used in MEMS devices and can enhance the magnetic properties of the used 

material and overcome the issue of lack of surface tension that assists the captured 

particles stick to the surface. Another approach is replacing the substrate by a mesh-

like metal which can be made of green compacted Fe-Cu powder or metal foams, this   

helps in trapping the captured powder inside the porous. However, other modifications 

can be investigated on the as-is suggested systems. These include heat treating the 

coating powder pre-deposition, which can create localized Fe-rich zones leading to an 

enhancement of the magnetic properties. Moreover, variation in the coating techniques 

leading to a localized and high-density coating points can strengthen the magnetic field 

produced by the coating. Furthermore, some modifications to the coating powder, 

including the FeCoCu alloy can be tested. In addition to optimizing the magnetic 

behaviour of the coating and further investigating the relation between the coating 

thickness and the magnetic strength. As for the experimental testing set-up, it can be 
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further enhanced by deploying a more sophisticated shaker with a frequency resolution 

below 1 Hz and a transduction mechanism that does not depend on any optical 

properties for detecting the distance/vibrations. One alternative is to use a capacitive-

based transduction technique that requires the use of an underneath electrode and 

measuring the change in capacitance resulting from the variations in the gap distance 

separating the vibrating beam from the fixed electrode. Piezoelectric patches made of 

microfiber composite (MFC) can be also used to detect the small beam deflections from 

a generated voltage signal.   
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Appendix 

  

 In this Appendix the Mathematica Code used to produce the numerical results 

of this study is presented. 
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